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Abstract 
 
 Butte, Montana is the host to a Cu-Mo porphyry deposit and has been a location of 
mining interest since 1864. Once copper ore is removed from this deposit it goes through a 
smelting process. Copper smelting processes consist of roasting, smelting, concentrating, and fire 
refining. During smelting, metals are separated from the waste, or gangue material. Slag is the 
waste material from these processes. Non-ferrous slag, such as a copper ore, removes iron and 
silica from the original ore. There is much interest in slag postproduction for there is often still a 
significant weight percent of metals trapped within a silica matrix. Slag in this study is from the 
Butte Reduction Works (BRW) copper smelter that started operation in 1886. The slag walls 
were constructed alongside Silver Bow Creek starting in 1894, in a now superfund site called 
Lower Area One, and have never been geochemically analyzed.  The main goals of this study 
were to characterize the mineralogy, chemical composition, and environmental geochemistry of 
the slag walls in Lower Area One. The composition of BRW slag is dominated by Fe, Ca and Si. 
Silicates in the olivine and pyroxene groups, glass, and magnetite are the most abundant solid 
phases found in BRW slag. Olivine occurs as feather-shaped crystals that often grew within 
interstitial spaces.  Some samples contain more than one olivine type: an Fe-rich olivine 
approximating fayalite (FeଶSiOସ) and an Fe-Ca olivine approximating kirschsteinite (CaFeSiOସ). 
Pyroxenes occur as prismatic crystals that often radiate out from sulfide droplets like sunrays. 
More than one pyroxene type was consistent throughout these samples, a hedenbergite 
(CaFeSiଶO଺) as well as a Ca-Fe rich pyroxene with the approximate formula CaଷFeSiସOଵଶ.  The 
olivines and pyroxenes are rich in metal impurities, including Zn, Mn, and Cu.  Magnetite is 
abundant as euhedral grains disseminated through the slag, and the slag itself is magnetic.  
Sulfides and other metallic compounds occur as tiny spheres, or “prills”, which are remnants of 
the molten Cu-sulfide matte that failed to separate from the slag during smelting. The main 
sulfides in the prills are bornite and chalcocite, commonly intergrown in an exsolution texture.  
Other prill phases include chalcopyrite, sphalerite, galena, and pyrrhotite.   
 Based on bulk chemical composition, some metals in the slag, including Fe, As, Co, Mn, 
Pb, Zn, and W, exceed USEPA screening levels for residential and/or urban soils.  The BRW 
slag is not acid-generating, and instead has significant acid neutralizing potential in the form of 
Ca-olivine and Ca-pyroxene.  TCLP and SPLP tests indicate an overall low potential to leach 
metals from the slag, although one sample exceeded the TCLP standard for lead.  Concentrations 
of dissolved As and W were elevated in the SPLP leachates, possibly due to the high pH of the 
solutions after interaction with the slag.  Interaction of BRW slag with Silver Bow Creek water 
gave variable results: some metals (e.g., Zn, Fe) showed a decrease in dissolved concentration 
whereas others (e.g., As, W) increased.  Dissolved copper concentration increased after 
interacting Silver Bow Creek water with one slag sample but decreased slightly in the other two 
samples.  These contrasting results are explained by heterogeneity in the composition and 
mineralogy of the BRW slag.  Because Silver Bow Creek passes directly through the BRW slag 
walls, there is a possibility of release of certain metals from the slag to the stream water.    
 
Keywords: Butte, slag, mining, mine waste, geochemistry, smelter, Silver Bow Creek 
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Introduction 
1.1. Purpose of this study 
This thesis examines the Butte Reduction Works slag located in Lower Area One (LAO) 
along Silver Bow Creek in Butte, Montana.  The LAO slag was originally produced as a waste 
byproduct of copper smelting and has been sitting alongside the creek for over a century.  The 
slag was left in place during recent remedial actions related to the upper Clark Fork River 
superfund complex. At this time there are no published works describing the chemistry or 
mineralogy of this slag.  In 2015, the Natural Resource Damages Program of the Montana 
Department of Justice decided to address this lack of information by giving Montana Tech a 
grant to conduct research on the slag. The main goals of this study are to determine the chemical 
composition of the slag, to characterize the mineralogy of the various metals contained in the 
slag, and to evaluate the potential for metal contamination to the surrounding environment.   
1.2. Site description 
The city of Butte is located in the southwestern quadrant of Montana at the headwaters of 
the upper Clark Fork River Superfund Complex as shown in Figure 1. From the 1870s to present 
day, Butte has been one of the world’s major producers of copper, zinc, silver, and other metals.  
Although mining was done in the vicinity of Butte, most of the smelting of the sulfide ore was 
done in the vicinity of Anaconda, Montana, especially after the Washoe smelter was built in 
1900 (Henshaw 1914). Before 1900, there were numerous smelters on Butte Hill and in the 
floodplain of Silver Bow Creek. Flood events dispersed tailings from the mines and smelters 
down the Clark Fork River in the early 1900s, before the advent of modern tailings 
impoundments.  The upper Clark Fork River basin was declared a superfund area in 1982, and is 
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now considered the largest superfund complex in the United States in terms of total acreage of 
disturbed land.  
  
Figure 1.  Location of Butte, Montana, in relation to the Superfund units (yellow, green, orange shading). 
 
1.2.1. Geology 
 The main rock type in the Butte mining district is Butte Granite, which is the largest 
single pluton in the Late Cretaceous Boulder Batholith. The rock was historically referred to as 
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the Butte Quartz Monzonite, and was reclassified as granite by the U.S. Geological Survey 
(Lund et al., 2002). The granite in Butte has been hydrothermally altered and mineralized by a 
complex sequence of porphyry-style ore bodies, veins, and lodes (Weed, 1912; Meyer et al., 
1968). Early mineralization included the emplacement of two large domes of low-grade Cu-Mo 
veins. The porphyry-style mineralization was superseded by multiple generations of very rich, 
polymetallic veins and lodes, referred to as the Main Stage. The Main Stage lodes extended as 
far as five miles along strike, averaged 20-30 feet in width, and extended to depths up to 4500 
feet. Major vein sets included the “Anaconda veins” which trended ENE-WSW, and the “Blue 
veins”, which trended NW-SE. The Main Stage mineralization was zoned, as shown in Figure 2, 
with a Central Zone rich in Cu-As minerals, an Intermediate Zone rich in Cu and Zn, and a 
Peripheral Zone rich in Pb, Zn, Mn, and Ag with minor Cu.  By the end of the 19th century, 
underground mines were exploiting veins at multiple levels from every zone.  
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Figure 2.  Schematic cross-section through the Butte deposit showing metal zonation.  Modified from Meyer 
et al. (1968).  
 
 Table 1 summarizes the most important minerals of the Main Stage veins associated with 
each metal. Although Butte is primarily known as a copper-mining district, significant amounts 
of other metals were produced, including zinc, lead, silver, molybdenum, tin, and tungsten. This 
complex mineral wealth is important to keep in mind when examining the waste products of 
mining, including smelter slag.  
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Table I. List of major ore minerals at Butte for each metal (modified from Meyer et al. 1968) 
Metal Major minerals in Butte Main Stage veins 
iron pyrite, chalcopyrite, enargite, tennantite, sphalerite 
copper chalcocite, bornite, chalcopyrite, enargite, tennantite 
zinc sphalerite, tetrahedrite 
lead galena 
molybdenum molybdenite 
manganese rhodochrosite, rhodonite, sphalerite 
silver tetrahedrite, argentite, stromeyerite, Ag-sulfosalts 
tungsten 
bismuth 
wolframite, scheelite 
wittichenite  
cadmium sphalerite 
arsenic enargite, tennantite 
tin colusite 
vanadium colusite 
 
1.2.2. Mining and smelting history 
Mining commenced in Butte in July of 1864 following the discovery of shallow gold 
placer deposits. Within three years, most gold placers were depleted. In 1865, the silver-rich lode 
deposits of the Travona and Alice claims were found and Butte became a prominent mining 
district (Meyer et al., 1968). Several new smelters were constructed in 1882 following the 
discovery of a high-grade chalcocite vein. From 1898 to 1906, more than 45 companies held 
claims to Butte’s ore reserves, which resulted in legal battles and large-scale inefficiency. 
Eventually the companies were all consolidated under the Anaconda Company. Mine workings 
in Butte are shown in Figure 3. Underground stoping was primarily used for mining in Butte, 
although block caving was introduced to the Kelley mine in 1952 and later applied in the Badger 
mine for zinc ore. Open pit operations began in 1955 in the Berkeley Pit and temporarily ceased 
in 1982 with the dismantling of the Anaconda Company. Open pit mining is still ongoing in the 
Continental Pit under a different mine operator. Butte’s main metal production consisted of Cu, 
Zn, Mn, Pb, Ag and Au.  
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Figure 3. Overview of the historic mine workings in Butte.  The LAO slag walls are located off the map just 
south of the West Camp Extraction Well.  Modified from Duaime et al. (2004).   
 
1.2.3. The LAO slag walls 
Butte Reduction Works (BRW), a smelting company owned by W. A. Clark, was built 
alongside Silver Bow Creek in 1886. BRW deposited mining, milling, and smelting wastes in 
LAO near the creek. LAO, which had a slag and tailings impoundment poured in-place, was built 
in the 1880s to 1890s (Quivik 2007).  
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Figure 4: Left) Silver Bow Creek passing through the Butte Reduction Works slag wall canyon (from 
Quivik, 2007); Right) Men building the slag wall at Butte Reduction Works. (from Quivik, 2007; original 
photo published in Engineering and Mining Journal 89, March, 1910). 
 
BRW’s method of disposing and repurposing slag was to construct a reinforced slag wall 
that would contain mill tailings alongside Silver Bow Creek. Considerable care was taken to 
protect Silver Bow Creek from being encroached by slag or tailings. A slag impoundment was 
made to separate mine waste from infiltrating the creek. The slag walls were created by pouring 
molten slag that was reinforced by steel as shown in Figures 4 and 5. Sitting on both sides of the 
creek, the walls made a tight channel to keep the creek out of the waste.  
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Figure 5.  Building of the slag impounding wall at BRW.  From Wethey (1901).   
  
 Mill tailings were either deposited throughout LAO on the old Silver Bow Creek 
floodplain or were buried underneath the slag walls. Most of the volume of mill tailings at LAO 
was removed by ARCO in 1997 and 1998 in accordance with the EPA’s directed Expedited 
Response Action. However, portions of the intact slag walls were left in place, along with the 
tailings that were buried underneath the walls.  Some people would like to keep the walls up to 
serve as a form of industrial archeology or a way to display the once strong mining industry of 
Butte. The slag walls hold some historical significance for cultural preservation, as they are 
associated with events that contribute to Butte’s history, lives of significant persons, and contain 
information important to the early history of Montana and the western U.S. (Quivik 2007). 
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Figure 6.  Current conditions of Lower Area One slag walls located off of Montana Street. 
 
1.3. Smelting and slag processes 
Copper smelting processes consists of roasting, smelting, converting, and fire refining as 
shown in Figure 7.  The first step in processing the ore is formation of a mineral “concentrate”: 
this is done by crushing the rock to a fine sand and then separating the valuable minerals from 
the waste material.   In the smelting stage, the concentrate is fed into a furnace and heated to 
temperatures greater than 1400Ԩ in order to remove Fe and non-metallic impurities, such as 
silica, oxygen, aluminum, sodium, potassium, and sulfur. Additional materials, such as lime, 
limestone or silica, may be added as a flux. The combination of heat and flux causes the ore to 
melt and separate into a dense, metal-rich liquid matte and a less dense silicate-rich liquid slag. 
The matte in Butte would have been primarily Cu-sulfide, with varying amounts of other 
impurities (e.g. Fe, Zn, Pb, Ag, etc.). The slag contained excess Si, O, Fe, Ca and other elements 
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and was poured or skimmed off the top of the matte for disposal. In its molten state, slag 
resembles basaltic lava. The LAO slag was poured from large cisterns (Figure 4-right) and 
allowed to cool slowly, a process which allowed the silicate and oxide minerals to crystallize. At 
other sites, slag is rapidly quenched with a jet of water, forming a glassy, granulated product that 
resembles black sand. The large piles of granulated slag located in Anaconda, Montana were 
cooled using this method. There is an interest in slag postproduction because a significant weight 
percent of metals often remains trapped within the silica matrix. 
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Figure 7.  Typical primary copper smelter process.  Modified from Pacific Environmental Services, Inc.  
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1.4. Environmental aspects of slag 
As a man-made deposit, the concentrations of many metallic elements in slag greatly 
exceeds their normal concentrations in the environment. Base metal slags commonly surpass 
industrial soil screenings levels for Cr, Zn, Cu, Pb, As, Mn and Co (Piatak et al., 2015). For 
nonferrous slags, such as LAO, Fe levels commonly exceed the residential soil screening level 
(Piatak et al., 2015). Based off of the mineralogy of the Butte deposit (Table I), there will be 
higher than average levels of metals, such as Fe, Mn, Cu, Zn, Pb, Cd, and As, within the confines 
of the slag wall. One of the first steps in slag characterization is to analyze it geochemically. This 
analysis can be done in situ with a portable X-ray fluorescence meter (pXRF), or by bulk acid 
digestion followed by chemical analysis.  Detailed microscope work can help to determine the 
mineral form and texture for each of the elements that are bonded within the slag. After this, the 
potential for reuse and the environmental effects of the slag can be determined. Land containing 
slag in industrial or residential settings is often reused. Therefore, knowledge of slag’s potential 
impact on human health is critical.  
After total metal concentrations in the slag have been determined, the concentrations can 
be compared to EPA screening criteria for residential or industrial soils (US-EPA, 2015). For 
slag, it is often unclear which criteria (residential or industrial) should be used or if any 
regulatory criteria need to be applied in historic industrial landscapes. The guidelines are used to 
compare elemental concentrations in slag materials as potential hazardous waste. If elemental 
concentrations fall below this criterion, the slag most likely does not hold an environmental 
threat. If the elemental concentrations are above this criterion, it may pose an environmental 
hazard and warrant further study and remediation.  
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 A secondary method to evaluate the environmental hazard of slag is to perform leachate 
tests to determine long-term environmental behavior. Leachate tests determine if metals are 
readily liberated from their silica or sulfide matrix. Toxicity characteristic leaching procedure 
(TCLP) tests are performed to determine whether a solid is classified as “hazardous waste” or 
“non-hazardous waste”. This is a necessary step to determine if the slag can be disposed in a 
conventional landfill or if it needs to be disposed of in a better engineered repository. Synthetic 
precipitation leaching procedure (SPLP) tests are used to determine the concentrations of various 
metals that might be leached out of slag from slightly acidic rain or dilute groundwater.    
 A third method to evaluate the environmental hazard of slag is to perform acid-base 
accounting (ABA) tests. ABA tests are used to determine the acid-generating potential and acid-
neutralizing potential of a material. There are a variety of methods for conducting ABA tests, 
although the Sobek method is most often used in the USA for regulatory reporting purposes.     
 As a method of predicting long-term leaching behavior, some researchers have combined 
dynamic leach tests with geochemical computer models (Tack et al., 1993; Baverman et al., 
1997; Mandin et al., 1997). The accuracy of these models have been highly dependent on the 
proper geochemical and mineralogical characterization of the slag itself as well as a reactive 
surface area effect. 
1.5.  Previous studies on Butte slag 
At this time there are no published works on the LAO slag in Butte, MT. There may have 
been some early investigations on metal leachability of LAO slag, but a thorough search failed to 
find any references or literature on this topic. There have been several investigations on 
granulated slag and Old Works slag in the Anaconda area (Tetra Tech Inc., 1985).  Nick Tucci of 
the Montana Bureau of Mines and Geology conducted SPLP tests on Parrot tailings as well as 
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samples of Parrot slag that originated not too far from LAO (Tucci, 2010). From this study, 
notable metals leached from Parrot “Black Slag” were As (average 163 μg/L), Cd (3.14 μg/L), 
Cu (231 μg/L), Pb (5.72 μg/L), and Zn (3868 μg/L) (Tucci 2010).  Other studies include three 
M.S. theses conducted in the Dept. of Metallurgical Engineering at Montana Tech: Pande (1993) 
characterized lead smelter slag in Helena; Jarvis (2003) investigated the availability and 
secondary recovery of copper from slag; and Filius (2007) explored the possible use of slag in 
remediation of acidic pit lakes, including the Berkeley Pit in Butte. 
1.6. Research objectives 
The first goal of this project is to characterize the mineralogy and chemical composition 
of slag from the historic Butte Reduction Works (BRW) smelter. Since this slag is located in the 
LAO Operable Unit, it is referred to in this thesis as either the BRW slag or the LAO slag. The 
slag is likely to have a high percentage of crystalline minerals and a lower percentage of 
amorphous glass because it was air-cooled. As investigated by Piatak et al. (2015), air-cooled 
slag deposits contain mineral textures seen in natural basaltic or ultramafic lava flows. Therefore, 
one can apply the same types of characterization methods used for naturally occurring igneous 
rocks on slag.  Methods used in the present study include: pXRF, bulk chemical analysis, 
reflected and transmitted light microscopy, scanning electron microscopy (SEM), electron probe 
microanalysis (EPMA), and X-Ray Diffraction (XRD).   
A second goal of the project is to characterize the environmental geochemistry of the 
LAO slag. Due to its proximity to Silver Bow Creek, it is important to assess if the slag could be 
a potential source of metal contamination.  Methods used in the present study include TCLP and 
SPLP leach tests and acid-base accounting.  In addition, a broad comparison is made between 
15 
 
 
total metal concentrations in BRW slag to EPA screening levels for residential and industrial 
soils.   
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2. Materials and methods 
2.1. Field sampling 
The BRW slag was sampled along Montana Street and two locations on Centennial 
Avenue as shown in Figure 8. The slag wall reaches 10 feet in height and separates the street 
from Silver Bow Creek. Samples were collected using a rock hammer and chisel by exploiting 
preexisting planes of weakness (joints, bedding surfaces). A bulk sample of several kg was 
collected at each of the three sampling locations. Each bulk sample consisted of “fist-sized” 
subsamples collected from each flow layer. The samples were collected from the top to the 
bottom of the slag wall. Efforts were made to collect representative samples without damaging 
the appearance of the slag wall.  
 
Figure 8. Slag sampling locations in Butte, MT. Silver Bow Creek runs along side these sites. 
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2.2. Slag characterization 
2.2.1. Sample preparation 
Each slag sample was crushed and dry-sieved at CAMP labs using a rolling mill and jaw 
crusher and passed through a variety of sieve sizes. The size fraction between 1-10mm was used 
for TCLP and SPLP tests. Slag less than 1 mm size fraction was used for bulk chemical analysis 
and acid-base accounting. The greater than 10 mm fraction was archived for petrographic work.   
2.2.2. Bulk chemical analyses: portable X-ray fluorescence 
X-Ray fluorescence (XRF) was used to determine elemental composition of materials. 
The chemistry of each sample was determined by the measurement of fluorescent (secondary) X-
rays emitted after being excited by a primary X-ray source. A Niton portable XRF meter was 
used. Although these data are useful for screening purposes, they are not considered as accurate 
as bulk digestion and analysis.  
2.2.3. X-ray Diffraction 
Samples for X-ray Diffraction (XRD) were chosen to determine the dominant mineralogy 
within the slag wall samples. Using a jaw crusher, samples were ground to 1 cm sized particles 
then pulverized to ~400 mesh. The powder was then pressed into a sample tray and run through a 
Rigaku Ultima IV X-Ray diffractometer in the CAMP lab with operating conditions set to scan 
20 degrees per minute ranging from 5 to 90 degrees, 40 kV acceleration voltage, and 44 mA 
probe current. 
2.2.4. Optical microscopy 
A set of six slag samples that were collected at the first sampling site off of Montana 
Street was sent to National Petrographic Service, Inc. labs for preparation of standard-sized 27 x 
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46 mm rectangular thin sections.  These thin sections were used for examination of the slag by 
transmitted light microscopy.  In addition, the author made a corresponding set of 1-inch 
diameter epoxy-mounted plugs of the same samples.  The plugs were polished to less than 0.2 
μm using a Buehler automatic polisher and used for examination by reflected light microscopy, 
SEM, EPMA, and microRaman.  An optical microscope was used to identify specific minerals 
and cooling textures located in these samples.  Photographs were taken with a Nikon Coolpix 
8700 digital camera with a lens adapter that screwed into the microscope’s ocular lens.   
2.2.5. Scanning electron microscopy 
The LEO 1430VP Scanning Electron Microscope (SEM) located at Montana Tech’s 
Metallurgy laboratory was used to help determine slag mineralogy using Energy Dispersive X-
ray analysis (EDX).  Operating conditions were set to 25 kV acceleration voltage, 18 mm 
working distance, 550 nmଶ spot size, 5 nA probe current, and Tungsten filament.  
2.2.6.  Electron probe microanalysis 
The JEOL 8500F Field Emission Electron Microprobe located at the School of 
Environment in Washington State University was used to gather elemental single spot analysis. 
Operating conditions were collected at 15 kV accelerating voltage, 30 nA beam current, and a 1 
μm beam size. The electron microprobe was standardized (WDS) for the following suite of 
elements: Si, Ti, Al, Fe, Mg, Mn, Ca, Na, K, S, Cu, Zn and Pb. 
2.2.7. Bulk digestion and elemental analysis  
Bulk digestion and inductively coupled plasma mass spectrometry (ICP-MS) was 
conducted by MSE Technology Applications, Inc. in Butte, MT. Two digestion methods were 
used: hot-acid digestion (mixture of nitric and hydrochloric acid) and the other involved addition 
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of hydrofluoric acid (HF). The HF digestion breaks down refractory silicate minerals and should 
be expected to give higher concentrations for elements that partition into silicate minerals (e.g., 
Zn and Cu into olivine). In order to determine trace elements, an ICP-MS was used.   
2.2.8. Acid-base accounting 
Samples were sent to MSE Technology Applications, Inc. to be tested for ABA-acid 
generation potential, ABA-neutralization potential, and ABA-total sulfur, following the Sobek 
method. A speciated sulfur analysis was also performed which included insoluble sulfide (HCl 
extractable), pyritic sulfur (HNOଷ extractable), residual sulfur (non-extractable), and sulfate 
(water soluble sulfur). Method detection limit and reporting limit for each type of ABA test is 
listed in the following table. 
Table II. Method detection limit (MDL) and Reporting Limit for ABA testing.  
All units are in t CaCO3/1000t. 
ABA test  MDL Rpt. Limit 
Acid Generation Potential  0.3  0.3 
Neutralization Potential  0.75  1 
Insoluble Sulfide  0.01  0.01 
Pyritic Sulfur  0.01  0.01 
Residual Sulfur  0.01  0.01 
Sulfate  0.01  0.01 
Total Sulfur  0.01  0.01 
 
2.3. Leachate testing 
2.3.1. Toxicity characteristic leaching procedure 
U.S EPA Toxicity Characteristic Leaching Procedure (TCLP) is used to determine the 
mobility of organic and inorganic analytes present in waste. This method simulates the leaching 
potential of a waste, in this case slag, if it were to be disposed of in a municipal landfill.  
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2.3.1.1. Extraction fluids 
2.3.1.1.1. Extraction fluid #1 
This fluid is made by adding 5.7 mL glacial CHଷCHଶOOH to 500 mL of distilled water. In 
addition, 64.3 mL of 1N NaOH is added and then diluted to a total volume of 1 liter. Extraction 
fluid #1 should have a pH of 4.93 േ 0.05. 
2.3.1.1.2. Extraction fluid #2 
This fluid is made with 5.7 mL glacial CHଷCHଶOOH then diluted to a total volume of 1 
liter with distilled water. Extraction fluid # 2 should have a pH of 2.88 േ 0.05. 
2.3.1.2. Extraction fluid determination 
To select the correct extraction fluid, the alkalinity of the compound must be determined. 
Appropriate procedure determined by the EPA is as presented below. 
The sample is reduced to a particle size of 1 mm in diameter or less. From the sample, 5 g 
of the solid phase of the waste is transferred to a 500 mL beaker. Further, 96.5 mL of distilled 
water is added to the beaker, covered with a watchglass, and is magnetically stirred for 5 
minutes. The pH is measured and recorded. If the pH is less than 5.0, extraction fluid #1 is used. 
If the pH is greater than 5.0, 3.5 mL of 1N HCl is added and slurried briefly. The fluid is then 
covered with a watchglass and heated at 50Ԩ for 10 minutes. The solution is left to cool to room 
temperature then pH is measured. If the pH is less than 5.0, extraction fluid #1 is used. If the pH 
is greater than 5.0, extraction fluid #2 is used.  
A slurry of 1N HCl and crushed slag was heated to 50Ԩ. The slurry was cooled to room 
temperature and then measured for pH.  Extraction fluid #1 was determined to be appropriate 
based on the final pH being well below 5. 
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2.3.1.3. Procedure 
Per sample, 100 g of slag was crushed to 1 cm. In a 5% HNOଷ acid-rinsed 1-gal. plastic 
extractor bottle, 2 L of Extraction fluid #1 was added to 100 g of crushed slag. The extractor 
bottle was secured in a rotary agitation device and rotated at 30 rpm for 18 hours. The first batch 
of TCLP samples were rotated at MSE Technology Applications, Inc. using their agitation 
device. The second set of TCLP samples was rotated at Montana Bureau of Mines and Geology 
(MBMG). Blanks and duplicates samples were also run. 
After 18 hours of rotation, the samples were allowed to rest until most of the turbidity 
had settled. The pH and SC were recorded with a Hydrolab MS5 DataSonde. Solution was then 
withdrawn with a 60 cc plastic syringe and filtered through a 0.2 micron PES syringe filter into a 
pre acid-washed HDPE bottle. The HDPE bottle was rinsed with 10 cc of filtrate, which was then 
discarded. Trace Metal grade HNOଷ was added with a pipet so that the final matrix of the 
solution was 1% HNOଷ.  The bottles were then submitted to MBMG labs for analysis of trace 
metals by ICP-MS, following EPA method 6020.   
2.3.2. Synthetic precipitation leaching procedure 
U.S. EPA Synthetic Precipitation Leaching Procedure (SPLP) is used to determine the 
mobility of organic and inorganic analytes present in waste. This method was designed to 
determine new regulations for large-scale mining and mineral processing waste. SPLP is very 
similar to TCLP but requires the use of pH adjusted water instead of CHଷCHଶOOH. 
22 
 
 
2.3.2.1. Extraction fluids 
2.3.2.1.1. Extraction fluid #1 
Extraction fluid #1 is made of a 60/40 weight percent mixture of sulfuric and nitric acids 
to distilled water until the pH is 4.20 േ 0.05. This solution is used to determine leachability from 
locations east of the Mississippi River. 
2.3.2.1.2. Extraction fluid #2 
Extraction fluid #2 fluid is made of a 60/40 weight percent mixture of sulfuric and nitric 
acids to distilled water until the pH is 5.00 േ 0.05. This solution is used to determine leachability 
from locations west of the Mississippi River.  
2.3.2.1.3. Extraction fluid #3 
Extraction fluid #3 is simply distilled water used to determine the leachability of cyanide 
and volatiles. The sample is reduced to a particle size of less than 9.5 mm in diameter or less. 
2.3.2.2. Extraction fluid determination  
Extraction fluid #2 was used for this study due to Butte’s location west of the Mississippi 
River. Lab water had a resting pH below 5.  A few drops of 1M NaOH were added to reach a pH 
above 5 and then a highly diluted 60/40 weight percent mixture of sulfuric and nitric acid was 
added to titrate the pH to 5.0.  
2.3.2.3. Procedure 
Per sample, 100 g of slag was crushed to 1 cm. In a 5% HNOଷ acid-rinsed 1-gallon 
plastic extractor bottle, 2 L of Extraction fluid #2 was added to 100 g of crushed slag. The 
extractor bottle was secured in a rotary agitation device and rotated at 30 rpm for 18 hours. All 
SPLP samples were rotated at MBMG using their agitation device.  
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After 18 hours of rotation, the samples were allowed to rest until most of the turbidity 
had settled.  The solutions were then sampled, preserved, and analyzed as described above for 
the TCLP tests.  Each filtered solution was submitted to the lab in duplicate. Also, a filtered 
blank sample was submitted. 
2.3.3. Silver Bow Creek leach tests 
On May 10, 2016, a water sample from Silver Bow Creek (SBC) was collected next to 
Slag Wall 1 in a five gallon bucket.  Because the flow of the creek was high, the water had a high 
suspended solid content.  To remove the solids, the bulk sample was filtered through a glass filter 
(approximately 5 micron pore size).  The filtered water had a light brown (“tea”) color.  This 
water was then used to react with the same slag samples that were used in the TCLP and SPLP 
tests.  Per sample, 100 g of slag (1 cm size fraction) was reacted with 2 L of filtered SBC water 
in an acid-rinsed 1-gallon plastic extractor bottle.  The extractor bottle was secured in a rotary 
agitation device and rotated at 30 rpm for 18 hours. These samples were rotated at MBMG using 
their agitation device.  One of the extractor bottles was filled with 2-L of Silver Bow Creek water 
with no slag, as a procedure blank.   
After 18 hours of rotation, the samples were processed, preserved, and analyzed as 
described in section 2.3.1 for TCLP tests.  A sample of filtered SBC water from the original 5-
gallon bucket was also submitted to the lab for ICP-MS analysis.  The samples were also 
analyzed by the MBMG lab by ICP-OES to obtain accurate data on Ca2+ and Mg2+ ions, which 
are needed to calculate hardness.  
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2.3.4. Acid Leaching 
Two stock solutions with a pH of 2 and 3 were made using DI lab water and sulfuric acid.  
Per sample, 50 g of slag samples BRW-1 and BRW-2 (1 cm size) were added to 0.5L of either 
pH 2 or pH 3 stock solution.  These experiments were performed in 1-L HDPE bottles.  The 
bottles was secured in the same rotary agitation device used for the TCLP, SPLP and SBC 
experiments, and rotated at 30 rpm for 44 hours. These samples were rotated at MBMG using 
their agitation device.  
After 44 hours of rotation, the samples were allowed to rest until most of the turbidity 
had settled. The pH and SC were recorded with a Hydrolab MS5 DataSonde.  The reacted 
solutions were sampled and analyzed for dissolved metals following the same procedures 
outlined above.   
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3. Results 
3.1. Slag characterization  
A semi-quantitative analysis for the three slag sampling sites was collected on a Niton 
portable X-ray fluorescence (pXRF) meter as seen in Table III. The three sites have a similar 
major element composition consisting of predominantly Fe, Ca and Si. Analysis by pXRF 
indicated high amounts of trace metals such as Zn (average 1.6%), Mn (0.17%), Cu (0.25%), Pb 
(0.064%), As (0.08%), and W (0.064%).   From Site 1 to Site 3, we see a decrease in Zn, Mn, Cu 
and Pb with an increase in Si. The high Ca content likely came from the addition of a lime or 
limestone flux to the smelter, since the Butte deposit contains relatively low levels of Ca-
minerals (e.g. calcite, anhydrite). The three sites have a range in sulfur from 1-4% that is present 
as a mixture of sulfide and sulfate minerals (see below).  
Table III. Results of pXRF analyses of polished plugs and powdered slag samples. 
 
Two forms of bulk digestion were conducted, hot-acid (SW3050B) and hydrofluoric 
(M3052-HF). Bulk digestion and pXRF data were found to be somewhat consistent 
geochemically as seen in Table IV.  The bulk digestion data are considered of higher accuracy 
and reliability.  Data for selected metals of concern are tabulated in Table IV, and the complete 
data are given in the Appendix.  The various results are compared to residential and industrial 
soil screening levels, as determined by the US-EPA (2015). Co, Mn and W were found to 
concentration, wt% concentration, mg/kg 
sample type Fe Ca Si S Zn Mn Cu Pb As W 
1-1 plug 11.6 7.5 10.5 1.10 0.77 1440 1170 217 134 736 
1-2 plug 22.3 16.6 20.8 1.00 1.72 3260 2320 386 109 475 
1-3 plug 42.0 0.4 19.4 1.85 3.16 1200 4250 1620 2170 1870 
1-4 plug 23.1 15.0 21.8 0.43 1.53 2940 2730 904 470 807 
1-5 plug 23.9 15.7 21.1 0.56 1.56 3100 2880 722 311 722 
1-6 plug 41.5 0.7 19.5 1.83 3.38 1090 4330 1760 1420 1070 
SLAG 1 average 27.4 9.3 18.8 1.13 2.02 2170 2950 935 769 947
SLAG 2 powder 24.9 2.8 33.9 4.07 1.54 1900 2710 660 1170 < LOD
SLAG 3 powder 21.1 8.4 20.4 1.31 1.23 1100 1870 330 500 970
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surpass the residential soil screen level. Fe and As were found to consistently exceed both their 
residential and industrial soil screening levels.  Pb showed more erratic trends, with some 
samples passing and some samples exceeding the screening criteria.  
 
Table IV. Metal concentrations in BRW slag compared to US-EPA soil screening levels.  
All concentrations in mg/kg. 
 
3.2. Mineralogy and crystal chemistry of primary phases 
3.2.1. Silicates, oxides, and glass 
The principal minerals found within the slag were olivine, pyroxene, magnetite, and 
glass. Olivine occurs as feather-shaped, skeletal crystals that often grew within interstitial glass. 
Examples of Fe-olivine (fayalite, Fe2SiO4) are shown in Figures 9B and 10D, E, H & L.  In 
backscatter mode, fayalite appears lighter than pyroxene and glass, due to the relatively heavy 
average atomic mass of the mineral. Some samples contain a second olivine approximating 
kirschsteinite (CaFeSiOସ) (Figure 10I, J). Because of its Ca-content, kirschsteinite is darker than 
fayalite in BSE mode. The olivines vary in size from less than 10 μm to up to a cm in length, the 
latter crystals being very elongated and bundled in a “spinifex” texture that is common in 
Precambrian, olivine-rich komatiite lava flows (Faure et al., 2006).  When fine-grained, the 
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olivine is difficult to see against the glassy background, but its presence becomes obvious under 
high magnification (Fig. 10L).  
Pyroxenes occur as prismatic crystals (Fig. 9C, D; Fig. 10C, E, F) as well as feathery 
dendrites that radiate outwards from sulfide droplets (Fig. 9A, Fig. 10 A, K) or from pieces of an 
earlier generation of slag (Fig. 10B). Pyroxenes vary in size from over 1 cm to less than 20 μm. 
All of the pyroxenes found in this study were Ca-rich, and included hedenbergite (CaFeSi2O6) 
and a second phase with the approximate formula: Ca3FeSi4O12. Hedenbergite tended to be 
enriched in Al as well as other metals as seen in Table V. The second phase may actually be an 
Fe-rich wollastonite (CaSiO3), as there is no known pyroxene with a 3:1 Ca:Fe stoichiometry. 
Based on XRD analysis, a third pyroxene, petedunnite, may be present. Petedunnite is a complex 
clinopyroxene with formula CaሺZn,Mn, Fe,MgሻSiଶO଺ which has previously been reported from 
non-ferrous slags (Huber et al., 2012).  
Magnetite (Fe3O4) is found scattered throughout the slag as rounded octahedra and rods 
(e.g., Fig. 10 G, H). Its general abundance is obvious from the fact that a magnet bar will stick to 
most of the slag hand samples. Magnetite size ranges from less than 1 μm to 10 μm. A second, 
less common Fe-oxide with a needle-like or dendritic habit was tentatively identified as wüstite 
(FeO). Figure 11 shows the difference in morphology between magnetite and wüstite.  Although 
a very rare mineral in Earth rocks, wüstite is fairly common in meteorites and in slag (Piatak et 
al., 2015).  Its presence indicates a very low oxidation state buffered near the FeO/Fe3O4 
boundary.   
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Figure 9. Photographs of slag in transmitted light (10x magnification: scale is the same in all photos).  A) Rosettes 
of hedenbergite radiating outward from sulfide prills (small dark spheres).  Bright is glass.  [BRW 4-2] B) Coarse-
grained, spinifex-textured fayalite crystals (light) with fine-grained magnetite and small sulfide prills (black) [BRW 
3-2]; C) and D) Hedenbergite (green-brown) growing into partly devitrified glass (tan).  The glass has many curved 
cracks, probably formed from shrinkage during cooling. [BRW 1]; E) and F) Hedenbergite (green-brown) with 
unknown Ca-rich pyroxene (white) and partly devitrified glass (tan). [BRW 1]    
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Figure 10.  EPMA-BSE images of non-sulfide minerals in the slag. A) Sulfide ball perched on earlier slag with 
later generation of slag crystallizing to left B) Al-rich hedenbergite nucleating and growing from a fragment 
of cold slag C) Dark gray euhedral crystals are Al-rich hedenbergite with olivine dendrites growing in 
interstitial spaces D) Feather of olivine and glass (black) with magnetite (bright spots) and sulfide balls E) 
Fine-grained dendrites F) Al-rich hedenbergite encased in a Ca-Fe-Si-rich groundmass 
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Figure 10 (continued) G and H: Zn-rich fayalite matrix containing a sulfide prill. Black circles are small 
droplets of glass. Medium gray is magnetite (spinel) I) Kirschsteinite (slender prisms) and hedenbergite (dark 
prisms) within a Fe-Ca-Si-rich groundmass J) Long kirschsteinite crystals are found in a glass matrix. Small 
bright specks are magnetite.  Sulfide droplet consists of bornite with chalcocite in an exsolution texture with a 
sphalerite core K) Al-rich hedenbergite nucleating out from a sulfide prill L) Fayalite dendrites  
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Table V. Electron microprobe analyses of hedenbergites. All data in wt% of the oxide (except for S). 
 
p y g ( p )
sample SiO2 TiO2 ZnO PbO Al2O3 FeO Cu2O  MnO MgO CaO Na2O K2O S  Total 
BS1‐4  43.22  0.181  1.55  0.028  4.94  25.69  0.137 0.33  0.39  22.43  BDL  0.033  0.027  98.97 
BS1‐4  41.40  0.175  1.35  0.048  4.95  26.49  1.448 0.34  0.89  21.96  BDL  0.073  0.056  99.18 
BS1‐4  39.65  0.211  2.34  0.034  4.93  29.60  0.082 0.38  0.51  21.77  BDL  0.771  0.272  100.56 
BS1‐4  41.20  0.187  1.54  0.032  5.07  26.57  0.022 0.34  0.71  22.76  BDL  0.236  0.071  98.74 
BS1‐4  41.46  0.220  1.34  BDL  5.13  26.55  0.017 0.32  0.69  22.94  BDL  0.022  0.011  98.70 
BS1‐4  38.62  0.130  2.21  0.153  5.47  29.83  0.511 0.33  0.42  19.42  0.047  0.741  2.062  99.93 
BS1‐4  41.89  0.205  1.35  BDL  6.29  25.22  0.299 0.26  0.86  22.36  BDL  0.035  0.023  98.80 
BS1‐4  37.51  0.153  2.33  0.338  4.68  28.10  1.930 0.35  0.80  21.19  BDL  0.942  1.957  100.29 
BS1‐4  42.07  0.205  1.43  0.059  4.97  27.09  0.048 0.34  0.70  22.59  BDL  0.190  0.073  99.75 
BS1‐4  35.31  0.154  2.98  0.508  4.52  29.40  3.264 0.38  0.69  19.90  0.070  1.283  3.178  101.64 
BS1‐4  38.13  0.185  2.25  BDL  4.52  28.92  0.159 0.38  0.70  22.00  0.091  1.042  0.359  98.75 
BS1‐1  42.54  0.233  0.97  BDL  5.57  25.67  0.064 0.29  1.06  22.60  BDL  0.010  0.007  99.02 
BS1‐1  40.62  0.284  0.87  0.027  5.84  27.15  BDL  0.24  1.12  22.46  BDL  0.007  BDL  98.62 
BS1‐1  41.27  0.274  0.85  BDL  6.11  26.00  BDL  0.23  1.30  22.46  BDL  0.007  0.007  98.49 
BS1‐1  40.92  0.205  0.97  0.026  5.66  26.95  0.026 0.24  0.95  22.12  0.052  0.012  0.011  98.14 
BS1‐1  40.35  0.248  0.88  BDL  5.82  27.66  0.028 0.25  0.99  22.16  BDL  BDL  0.010  98.40 
BS1‐1  40.56  0.239  0.97  0.055  6.01  26.82  0.028 0.26  0.98  22.22  BDL  BDL  0.006  98.15 
BS1‐1  42.27  0.442  1.89  0.078  7.46  24.10  0.485 0.20  0.37  20.58  0.073  0.451  0.038  98.45 
BS1‐1  40.07  0.252  3.05  0.095  7.40  26.11  0.028 0.28  0.28  18.05  0.400  1.874  0.240  98.13 
BS1‐1  41.61  0.262  0.92  BDL  5.53  26.39  0.017 0.30  1.28  22.18  BDL  BDL  BDL  98.49 
BS1‐1  41.53  0.249  0.91  BDL  5.59  26.16  0.018 0.29  1.14  22.14  BDL  BDL  BDL  98.02 
BS1‐1  41.21  0.216  0.99  BDL  5.54  26.41  BDL  0.29  1.06  21.99  BDL  BDL  BDL  97.70 
BS1‐1  41.95  0.209  0.92  0.023  5.65  25.94  0.020 0.26  1.20  22.54  BDL  0.014  BDL  98.72 
BS1‐1  42.38  0.190  1.23  0.026  4.92  25.95  0.020 0.30  0.88  22.38  BDL  0.038  BDL  98.32 
average  40.74  0.221  1.50  0.102  5.52  26.87  0.412 0.30  0.83  21.80  0.122  0.409  0.467  98.92 
BDL = below detection limit.  Cu values in italics and gray print are suspect: possible contamination from sulfide particles.  
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Table VI. Electron microprobe analyses of other phases. All data in wt% of the oxide (except for S).p y p ( p )
 Sample SiO2 TiO2 ZnO PbO  Al2O3 FeO Cu2O  MnO MgO CaO Na2O K2O S  Total 
   fayalite 
  BS1‐2  29.48  0.075  5.33  BDL  0.172  64.10  0.114  0.196 0.134  0.104  BDL  0.031  0.031  99.77 
  BS1‐2  30.07  0.028  5.56  0.040 0.312  62.46  0.051  0.209 0.145  0.171  BDL  0.101  0.019  99.17 
  BS1‐2  30.05  0.024  5.73  BDL  0.309  62.98  0.047  0.212 0.174  0.129  BDL  0.089  0.011  99.76 
  BS1‐2  31.25  0.032  5.52  BDL  0.594  62.16  0.035  0.202 0.117  0.163  BDL  0.183  0.014  100.27 
  average  30.21  0.04  5.54  0.04  0.35  62.92  0.06  0.20  0.14  0.14  BDL  0.10  0.02  99.74 
  unknown pyroxene: Ca3FeSi4O12 
  BS1‐4  48.69  0.055  0.608 BDL  0.822  13.37  0.055  0.509 0.601  34.52  BDL  0.108  0.033  99.37 
  BS1‐4  47.01  0.052  0.629 0.057 1.135  11.13  0.217  0.392 0.582  35.95  BDL  0.118  0.067  97.34 
  BS1‐4  44.49  0.068  1.159 0.041 1.374  18.44  0.179  0.530 0.347  30.43  BDL  0.325  0.166  97.55 
  BS1‐4  47.65  0.064  1.334 0.040 1.453  19.63  0.033  0.503 0.952  28.37  BDL  0.209  0.089  100.32 
  BS1‐4  48.38  0.069  0.498 0.030 0.781  12.11  0.108  0.411 0.666  36.22  BDL  0.023  0.012  99.30 
  average  47.24  0.06  0.85  0.04  1.11  14.93  0.12  0.47  0.63  33.10  BDL  0.16  0.07  98.78 
    magnetite 
  BS1‐2  1.27  1.637  2.901 0.023 4.175  83.64  0.034  0.019 0.036  BDL  BDL  0.046  0.010  93.79 
  BS1‐2  0.62  1.348  2.592 BDL  3.650  84.63  0.073  BDL  0.061  0.014  BDL  0.026  0.009  93.02 
  BS1‐2  0.68  1.357  2.529 BDL  3.548  84.53  0.028  0.022 0.046  0.022  BDL  0.038  BDL  92.79 
  BS1‐2  0.64  1.420  2.509 BDL  3.665  84.71  0.031  0.024 0.097  BDL  BDL  0.031  0.007  93.13 
  BS1‐2  0.66  1.406  2.698 BDL  3.612  84.16  0.069  0.020 0.063  0.023  BDL  0.037  0.009  92.75 
  average  0.77  1.43  2.65  0.02  3.73  84.33  0.05  0.02  0.06  0.02  BDL  0.04  0.01  93.10 
    glass 
  BS1‐2  70.12  0.047  1.193 0.119 9.497  11.17  0.047  0.047 0.035  0.676  0.169  4.880  0.051  98.05 
  BS1‐2  69.25  0.055  1.143 0.125 9.429  11.64  BDL  0.027 0.041  0.576  0.127  4.907  0.067  97.39 
  BS1‐2  69.98  0.072  1.391 0.168 9.552  11.28  0.120  0.033 BDL  1.193  0.157  4.227  0.056  98.23 
  BS1‐2  69.76  0.051  1.176 0.163 9.705  11.30  0.041  BDL  0.033  0.660  0.087  4.829  0.054  97.87 
  average  69.78  0.06  1.23  0.14  9.55  11.35  0.07  0.04  0.04  0.78  0.14  4.71  0.06  97.88 
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Figure 11. EPMA photos showing the difference in morphology between magnetite and wüstite.  
 
 Amorphous glass occurs as the matrix between larger grains of olivine and pyroxene, and 
also as small spherical inclusions within larger crystals, such as fayalite (Fig. 10H, 11A).  
According to EPMA (Table VII), the glass is enriched in Si, Al, K and Na as well as several 
metals (see below).  SEM-EDX analysis of the field of view shown in Fig. 10H showed several 
generations of glass (different shades of gray), the brightest of which contained high tungsten (up 
to 5.8 wt% W) and arsenic (up to 4.3 wt% As) (data in Appendix). No discrete W minerals were 
found in this study, so it is possible that most of the W is in glass.   
 Table VII summarizes the trace element concentrations of the different solid phases based 
on EPMA analysis.   From this table is clear that zinc is highly elevated in all of the phases, 
especially fayalite (4.45%) and magnetite (2.13%).  Even the glass contains high zinc (1.04%).  
Lead is most enriched in glass (1350 ppm) and hedenbergite (950 ppm).  Copper has a similar 
concentration in all of the phases, being between 550 and 1260 ppm, although like lead it is 
somewhat enriched in glass.  Manganese is enriched in the olivines and pyroxenes, attaining 
concentrations up to 0.36%.   
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Table VII. Trace metal concentrations (mg/kg) in different mineral phases determined by electron 
microprobe. 
 
3.2.2. Sulfides and metallic inclusions 
Sulfide minerals are not a major constituent in the slag, but are consistently found 
throughout as small, spherical droplets called “prills”.  The prills vary in size from < 10 m to > 
1 mm in diameter. Prills were once molten droplets of liquid metal called “matte” that were 
suspended in slag, a less dense material, as it cooled. After some cooling, the sulfide prills 
crystallized into high-temperature solids, retaining their overall sphericity. With further cooling, 
the high-temperature solids separated into new sulfide minerals resulting in geometric 
intergrowths known as exsolution textures (Figures 12 and 13).   
The main sulfide minerals occurring within the prills are bornite and chalcocite. Other 
common sulfides found in lesser quantity include sphalerite, galena, chalcopyrite, and pyrrhotite.  
Due to its high mass, galena was easily identified as small bright spots in SEM-backscatter mode 
(Fig. 12A, D). Uncommon sulfides identified included tennantite, cubanite, and covellite.  
Metallic copper was found in several cases, both as a minor phase inside prills, and along cracks 
in the slag. Many unknown phases, too tiny to get accurate EDX or EPMA analysis, were rich in 
other metals, including Bi, Ag, Ni, and Sb. Some of these phases may be sulfides, and some may 
be native elements or alloys.  
 Number  Zn Pb Cu  Mn 
Fayalite 4 44500 (1300) 371 (n = 1) 550 (310) 1580 (60) 
Hedenbergite 24 12100 (5500) 950 (1290) 990 (n = 1) 2320 (400) 
Ca3FeSi4O12 5 6800 (3000) 390 (100) 1050 (700) 3630 (480) 
Magnetite 5 21300 (1300) 209 (n = 1) 420 (200) 160 (20) 
Glass 5 10400 (1400) 1360 (210) 1260 (1300) 280 (80) 
IDL  140 160 150 130 
Values in parentheses are 1 standard deviation.  IDL is the instrument detection limit. 
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Figure 12. EPMA-BSE images of sulfide minerals in the slag. A) Bornite with chalcocite in an exsolution 
texture. Bright specks are galena.  Sphalerite is found as the darker gray within the prill B) Bornite and 
chalcocite in exsolution surrounded by nucleating clinopyroxene. Bright specks are galena. C) Bornite in 
exsolution with chalcocite containing sphalerite D) Fractured sulfide prill containing galena and elemental 
bismuth E) Bornite and chalcocite in exsolution. Vacancy (dark spot) where a sulfide was most likely plucked 
out during polishing F) Chalcocite and bornite droplet containing pyrrhotite and galena. 
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Figure 13. Photographs of slag in reflected light. A) Chalcopyrite (yellow) with bornite (orange) and 
chalcocite (blue). B) Bornite (orange) and chalcocite (blue) in an exsolution texture. C) Weathered spherical 
prill. D) Bornite and chalcocite with pyroxenes nucleating out from the prill. E) Nucleation from the sulfide 
droplet. F) Bornite, chalcocite, and chalcopyrite. 
A B 
C D
E F 
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3.3. Leachate testing 
3.3.1. Acid-based accounting 
The three slag sampling sites were tested for their acid generation and neutralization 
potential (Table VIII), as well as speciation of sulfur between different subtypes (Table IX). Two 
dominant forms of sulfur were found to be sulfate and insoluble sulfide. About half of the total 
sulfur is present as sulfate. This could be from two sources: 1) weathering of sulfide prills; 2) 
primary sulfate minerals in the slag, such as barite or anhydrite. 
Table VIII. Results of ABA-Acid Generation and Neutralization Potential analyses of powdered slag samples. 
Units are in t CaCO3/1000t. 
 
Sample  AP  NP  SAP  NPR  NPR*  Fizz Rating 
Site 1  20.1  21.1  10  1.05  2.11  slight 
Site 2  33.6  36.6  13.4  1.09  2.73  none 
Site 3  20.8  35  11.9  1.68  2.94  none 
Abbreviations: AP = acid generating potential (based on total S); NP = acid neutralizing potential; SAP = 
sulfide acid generating potential (based on sulfide-S); NPR = NP/AP; NPR* = NP/SAP 
 
Table IX. Results of ABA-Total Sulfur analyses of powdered slag samples. Units are in wt%. 
Sample 
Insoluble 
Sulfide 
Pyritic 
Sulfur 
Residual 
Sulfur  Sulfate 
Total 
Sulfur 
Site 1  0.19  0.13  0.02  0.3  0.64 
Site 2  0.39  0.04  0.11  0.53  1.08 
Site 3  0.38  ND  0.03  0.27  0.67 
 
Neutralization potential (NP) divided by the acid generating potential (AP) gives us the 
neutralization potential ratio (NPR). NPR is used to determine the likelihood of a material being 
acidic producing.  According to the Global Acid Rock Drainage (GARD) guide (INAP, 2014), 
mine wastes with NPR < 1 are considered “potentially acid generating”, wastes with NPR > 2 are 
“non-acid generating”, and wastes with 1 < NPR < 2 are “uncertain”. In addition, wastes with 
less than 0.1 wt% S are usually considered non-acid generating.  Using these criteria and the 
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NPR ratios calculated based on the total S analyses, the LAO slag samples would be classified as 
“uncertain” with respect to their potential to generate acid leachates (Figure 14).  
 
Figure 14.  Neutralization potential ratio of slag compared to total sulfur content in weight percent.   
 
Because the ABA tests performed in this thesis included sulfur speciation analyses, it is 
possible to recalculate the acid generation potential based on the % of total S that is present as 
“insoluble sulfide” + “pyrite S”. This variable is sometimes referred to as the “sulfide acid 
potential” (SAP), and is considered a more accurate measure of acid-generating potential if the 
sample contains a high percentage of sulfur in “residual” or “sulfate” form. As shown in Table 
VIII, the calculated SAP values (10 to 13.4 t CaCOଷ/1000 t) are considerably lower than the AP 
values (20.1 to 33.6 t CaCOଷ/1000 t, respectively).  Also, when SAP is used to estimate NPR* 
(NP/SAP), the resultant values are higher (2.1 to 2.9), and therefore plot in the “non-acid 
generating” field of Figure 14.  
0.1
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0.01 0.1 1 10
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PR
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The relatively high acid-neutralizing potential of the slag samples (21.1 to 36.6 t CaCOଷ/ 
1000 t) could be due to the presence of carbonate minerals or, more likely, silicate minerals that 
are unstable and weather quickly in the presence of acid.  Of the three samples, only Slag 1 had 
even a slight “Fizz rating”, indicating the presence of carbonate minerals.  No carbonate minerals 
were found in the slag during microscope or SEM work, but they could be present in small 
amounts along fractures or weathered surfaces.  On the other hand, the slag contains abundant 
olivine and pyroxene, and these phases are known to have significant acid-neutralizing potential 
(Lapakko 1994).   It is also important to note the significant percentage of total S in the slag that 
is present as sulfate minerals.  Further discussion about the ABA results and the likelihood of the 
LAO slag to generate acidic drainage is given in Chapter 4.  
3.3.2. Toxicity characterization leaching procedure  
The TCLP test was used to simulate leaching through a landfill. Samples were analyzed 
for a full set of ICP-MS analytes.  Selected results for the TCLP metals of concern (Ag, As, Ba, 
Cd, Cr, Pb, Se ) are shown in Table X, with additional elements of interest shown in Table XI: 
the complete analytical results are given in the Appendix. It should be mentioned that BRW-1A 
and BRW-1B were procedure duplicates.  In other words, split samples of the same crushed slag 
were leached via the TCLP specifications in two separate containers.  On the other hand, samples 
2A and 2B, as well as 3A and 3B, represent two duplicates of the same slag leachate submitted to 
the lab as separate unknowns.  The sample labeled “Blank” in Table X represents a procedural 
blank in which deionized water was tumbled in a TCLP container with no solids present, and 
then filtered and acidified in the same way as the other samples.   
As shown in Table X, the final pH values of the TCLP solutions after reaction (4.78 to 
4.93) were close to the starting pH (4.93).  Although several metals were found to leach out of 
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the slag samples, BRW-1A was the only sample that surpassed any of the TCLP regulatory 
standards for the elements analyzed in this study.  This sample had 6.35 mg/L Pb, which 
compares to the standard of 5.0 mg/L Pb.  The procedure duplicate for the same sample (BRW-
1B) also had high Pb (2.3 mg/L), although in this case below the 5.0 mg/L cutoff.  None of the 
leachate samples from the other two slag samples gave concentrations of Pb that were as high as 
in BRW-1A or -1B.   
Table X. ICP-MS results of TCLP tests for TCLP metals only 
  pH 107Ag 75As 137Ba 111Cd 52Cr 206Pb 82Se 
    μg/L μg/L μg/L μg/L μg/L μg/L μg/L 
IDL  0.2 0.2 1 0.2 0.2 0.2 0.2 
TCLP maximum   5000 5000 100000 1000 5000 5000 1000 
BRW-1A 4.93 < 0.2 29.9 381 1.4 7.4 6350 < 0.2 
BRW-1B 4.93 < 0.2 42.3 337 1.2 8.8 2300 < 0.2 
BRW-2A 4.92 < 1 106 342 1.51 4.06 95.9 < 1 
BRW-2B 4.92 1.27 108 371 1.86 6.55 104 2.6 
BRW-3A 4.78 < 1 32.3 199 1.06 4.94 64.9 < 1 
BRW-3B 4.78 < 1 33.1 216 1.14 5.47 69.1 < 1 
BRW-Blank N/A < 0.2 < 0.2 < 1 < 0.2 9.5 0.8 < 0.2 
 
Table XI. ICP-MS results of TCLP tests for other solutes of interest 
  27Al 43Ca 63Cu 56Fe 55Mn 182W 66Zn 
  μg/L μg/L μg/L μg/L μg/L μg/L μg/L 
IDL 0.5 5 1 5 2 0.2 1 
BRW-1A 462 7350 3170 15400 686 1.2 4420 
BRW-1B 524 7130 3800 16200 708 3.5 4200 
BRW-2A 1810  48000  356  59000  446  18.4  9810 
BRW-2B 1920  50700  369  60600  461  19.3  9940 
BRW-3A 521  12700  1463  35500  170  4.7  2730 
BRW-3B 586  13900  1557  38900  182  5.0  2870 
BRW-Blank < 0.5 < 5 1.2 < 5 < 2 < 0.2 3.1 
 
3.3.3. Synthetic precipitation leaching procedure 
SPLP tests were used to simulate the effect of leachability of metals in the slag by rain 
containing background levels of acidity (from a mix of dilute HNO3 and H2SO4 acids). The pH of 
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the filtrate was measured and the filtrates were analyzed for a full suite of trace elements (see 
Appendix for complete data). Table XII summarizes results for a few metals of interest, 
including As, Cu, Fe, Pb, W and Zn. Overall, the metal concentrations from the SPLP test were 
much lower than for the TCLP tests.  This is because the SPLP solution is essentially pure water 
with a tiny amount of initial acidity, whereas the TCLP solution contains acetic acid, a known 
complexer of heavy metals.  Exceptions to this rule include tungsten, which was higher in the 
SPLP compared to the TCLP leachates, and arsenic, which had a similarly high concentration in 
both the TCLP and SPLP tests.  It is also interesting to note that the pH of the SPLP solutions 
rose quite a bit during the experiment, from initial values close to 5.0 to final values in the range 
of 8.0 to 9.4.  The increase in pH may explain the relatively high As concentrations in the SPLP 
leachates since the mobility of arsenic in low temperature soils is known to increase with 
increase in pH, especially above pH 9.0 (Langmuir, 1997; Corwin et al., 1999).  Tungsten, like 
arsenic, dissolves as an oxyanion (WO42-) and therefore would be expected to show a similar pH 
dependence to As.   
Table XII. ICP-MS results of SPLP tests  
  pH 75As 63Cu 56Fe 206Pb 182W 66Zn 111Cd 
    μg/L μg/L μg/L μg/L μg/L μg/L μg/L 
BRW-1A 8.05 11.0 9.75 < 25 1.68 49.3 17.6 < 1 
BRW-1B 8.05 10.7 8.47 48.3 1.50 50.7 15.6 < 1 
BRW-2A 9.18 22.8 < 5 42.3 < 1 53.0 8.6 < 1 
BRW-2B 9.18 21.3 < 5 60.4 < 1 50.4 8.2 < 1 
BRW-3A 9.4 10.6 8.77 84.2 < 1 68.3 10.8 < 1 
BRW-3B 9.4 8.32 6.46 < 25 < 1 55.0 8.3 < 1 
BRW-Blank N/A < 1 < 5 < 25 < 1 1.57 < 5 < 1 
 
Although the concentrations of Cu, Pb and Zn in the SPLP leachates are much lower than for the 
TCLP leachates, they are still high enough to be a possible environmental concern. It is 
important to note that acetic acid is known to be a strong complexer of Pb, which partly explains 
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the high mobility of Pb in the TCLP tests as opposed to the dilute SOସଶି	solutions of the SPLP 
tests. This is discussed in more detail in the next chapter.   
3.3.4. Silver Bow Creek leach tests 
Silver Bow Creek water combined with crushed slag was used to simulate the effect of 
naturally occurring leachability of metals in the slag. The pH of the filtrate was measured and the 
filtrates were analyzed for a full suite of major and trace solutes.  Table XIII gives selected 
results: the complete data are available in the Appendix.  Some of the more important findings 
from the Silver Bow Creek experiments include the following: 
- The pH of the Silver Bow Creek solutions rose during the experiment, from initial 
values of 7.5 to final values in the range of 7.8 to 8.38.   
- Concentrations of dissolved As and W increased after interaction with the slag.  In the 
case of As, the concentrations rose from 2.9 g/L in the creek water to 6.7 to 23.9 
g/L after reaction with the slag.    In the case of W, the concentrations rose from < 1 
g/L in the creek water to 16 to 43.6 g/L after reaction with the slag.  
- Concentrations of dissolved Fe, Pb and Zn either stayed the same or decreased after 
interaction with the slag.  
- Concentrations of dissolved Mn and Cu increased during interaction with the BRW-1 
slag sample.  In the case of Cu, the increase was from 14.7 to 37.7 g/L.  For the 
other two slag samples, concentrations of Mn and Cu decreased slightly during the 
reaction.    
The implications of these results are discussed in the next chapter.   
.
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Table XIII: Selected results for Silver Bow Creek and low pH leach tests 
 Initial pH 
Final 
pH 
Final 
SCa 
Cab 
mg/L 
ICPOES 
Mgb 
mg/L 
ICPOES 
hardness 
mg/L 
Mn 
μg/L 
ICPMS 
Fe 
μg/L 
ICPMS 
Cu 
μg/L 
ICPMS 
Zn 
μg/L 
ICPMS 
As 
μg/L 
ICPMS 
W 
μg/L 
ICPMS 
Pb 
μg/L 
ICPMS 
Silver Bow Creek tests              
SBC (No agitation) 7.45 n/a n/a 23.7 6.8 87.3 23 124 14.7 24.2 2.9 0.4 1.2 
SBC (Agitated) 7.45 7.80 272 23.9 6.9 88.0 27 70 14.2 23.9 2.9 0.5 0.8 
BRW-1-SBC 7.45 8.28 298 27.7 6.9 97.6 52 17 37.7 20.8 23.9 43.6 1.2 
BRW-2-SBC  7.45 8.28 297 27.6 6.9 97.2 17 24 9.8 10.6 15.7 23.4 0.3 
BRW-2-SBC (dup)     27.3 6.8 96.0 18 66 11.1 13.6 16.0 24.4 0.6 
BRW-3-SBC 7.45 8.38 286 26.0 6.8 93.0 9 39 10.9 6.1 6.7 16.1 0.4 
FA Blank    < 0.1 < 0.1  < 2 < 5 < 1 < 1 < 0.2 0.0 < 0.2 
Low pH tests                     
BRW-1 pH2 2.0 4.35 2770 231 8.5 612 5890 387000b 5840 56000b 80.9 < 0.5 92.6 
BRW-2 pH2 2.0 5.37 2826 379 16.6 1016 2570 231000b < 10 47000b 42.3 6.1 4.5 
BRW-1 pH3 3.0 7.25 210 24.8 0.7 65.0 251 36 4.4 74.5 11.6 77.0 0.6 
BRW-2 pH3 3.0 9.27 254 32.8 1.1 86.3 3 38 1.6 4.6 38.6 138 < 0.2 
aspecific conductivity, S/cm 
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3.3.5. Leach tests with dilute sulfuric acid 
The acid leaching tests were used to simulate the effect of slag coming in contact with 
acidic solutions with a pH of 2 and 3. Table XIII gives selected results: the complete data are 
available in the Appendix.  Like the SPLP and SBC tests, the pH of the acidic solutions rose 
during the experiment, especially for the experiments that involved the BRW-2 slag sample. The 
solution with an initial pH of 2 had final values in the range of 4.4 to 5.4. High concentrations 
were leached out of the BRW-1 slag with an initial acidic solution with pH 2: Al (average 1,939 
μg/L), K (1,445	μg/L), Ca (152,500	μg/L), Ti (220	μg/L), Mn (4,230	μg/L), Cu (5840 μg/L), Fe 
(236,500	μg/L), and Zn (38,750	μg/L).  Interestingly, the Cu concentration in the pH 2 
experiment with BRW-2 slag was below detection.  The experiments that used solutions with an 
initial pH of 3 had final pH values in the range of 7.3 to 9.3, and showed much lower leachability 
for all metals, with the exception of W.  Dissolved W was especially high (138 g/L) in the 
BRW-2 slag, possibly due to the very high pH of the final reacted water (pH 9.27).     
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4. Discussion 
4.1. Chemical composition of slags 
Figure 15 shows the bulk composition of the three composite slag samples collected in 
this study on a triangular SiO2-CaO-FeO diagram.  The LAO slags plot near the middle of the 
shaded field for base metal (Cu-Ni-Pb-Zn) slags, as compiled in the review article of Piatak et al. 
(2015). They also plot within the stability fields of olivines and pyroxenes, consistent with the 
observed mineralogy in this study.  From the liquidus temperature contours it is apparent that the 
slag from the BRW smelter began crystallizing at temperatures in the range of 1100 to 1300˚C. 
Although no SiO2 minerals were found in this study, one of the LAO slag samples plots near the 
field of tridymite, a high-temperature polymorph of quartz. Instead of forming crystals of SiO2, it 
is likely that silica wound up in the glass phase.   
 
Figure 15. Bulk composition of LAO slags on a CaO-SiO2-FeO diagram.  Oxide values are in weight %, 
normalized to 100%.  The diagram is taken from Figure 9C of Piatak et al. (2015), and the LAO samples are 
shown by red dots. The area shaded in pink corresponds to the compositions of other base metal sulfide slags 
reported in the literature.   
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 The three slag sampling sites, pictured above as red dots, all plot within the pink field, 
confirming their consistency with other non-ferrous base metal slags. This ternary shows that 
LAO slag has a relatively high weight percent of CaO. Causes of such a high weight percent of 
CaO could be addition of lime during the smelting process as a flux. A flux is used to catalyze 
chemical reactions during the smelting process. Lime (CaO) also helps avert the production of 
carbon dioxide and sulfur dioxide that would be released into the environment as well as to 
protect plant equipment from corrosion.  
4.2. Weathering features: general aspects 
Acid-base accounting tests show the potential amount of acid or alkalinity that a material 
may impart to the environment. Sulfides that contain Fe may be a cause for environmental 
concern. Processed sulfide ores may generate acid once exposed to the environment and subject 
to weathering. LAO slag samples had a fairly high neutralizing potential (NP). The reason the 
samples have a high NP is because they contain a lot of Ca-olivine and Ca-pyroxene.  These 
minerals will react with strong acid at low temperature, and can raise pH during weathering, as 
was shown to be the case in the SPLP tests.  Example reactions for hedenbergite (hed) and 
kirschteinite (krst) can be written as follows: 
Equation 1 
CaFeSiଶO଺ሺhedሻ ൅ 2Hା ൅	14Oଶ ൅	
1
2	HଶOሺlሻ ൌ 	Ca
ଶା ൅ FeሺOHሻଷሺsሻ ൅ 	2	SiOଶሺaqሻ 
Equation 2 
CaFeSiOସሺkrstሻ ൅ 2Hା ൅	14Oଶ ൅	
1
2	HଶOሺlሻ ൌ 	Ca
ଶା ൅ FeሺOHሻଷሺsሻ ൅ 	SiOଶሺaqሻ 
Interestingly, fayalite, by itself, does not help to buffer pH: 
Equation 3 
FeଶSiOସሺfaሻ ൅ 	3	HଶO	ሺlሻ ൅	ଵଶ	Oଶ ൌ 2	FeሺOHሻଷሺsሻ + SiOଶሺaqሻ 
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This is because the Fe(II) in fayalite is fixed as Fe(III) in secondary Fe-oxide/hydroxides.   
Because the olivines and pyroxenes in the LAO slag contain trace metals, chemical weathering 
of these phases may release metals to the environment.  For example, the olivine contained an 
average of 4.5% Zn.   
Based on the mineralogy of the slag detailed in the preceding sections, it is clear that very 
little if any of the sulfide in the slag is actually present as pyrite. Dominant sulfide minerals in 
the sulfide prills are bornite and chalcocite.  The following reactions show that oxidation of both 
of these sulfide minerals actually consumes acid: 
Equation 4 
Cu2S(s) + 2H+ + 2.5O2 → 2Cu2+ + SO42- + H2O 
Equation 5 
Cu5FeS4(s) + 2H+ + ½ H2O + 9.25O2 → 5Cu2+ + 4 SO42- + Fe(OH)3(s) 
Some sphalerite is also present, but oxidation of ZnS neither consumes nor produces acid: 
Equation 6 
ZnS(s) + 2O2 → Zn2+ + SO42- 
The only sulfide minerals detected in the slag samples that will generate acid on weathering are 
chalcopyrite and pyrrhotite: 
Equation 7 
CuFeS2(s) + 2.5H2O + 4.25O2 → Cu2+ + Fe(OH)3(s)  + 2SO42- + 2H+ 
Equation 8 
FeS(s) + 2.5H2O + 2.25O2 → Fe(OH)3(s)  + SO42- + 2H+ 
However, the amount of chalcopyrite and pyrrhotite found in this thesis was much less than the 
other sulfide minerals.  
Based on speciated S analyses, a significant percentage of total S in the slag is present as 
sulfate minerals (see Section 3.3.1).  This sulfate could be present in one of two forms: 1) 
primary sulfate minerals in the slag, such as barite (BaSO4) or anhydrite (CaSO4), or 2) 
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secondary sulfate minerals formed during weathering, such as gypsum (CaSO4∙2H2O) or metal-
sulfate salts.  No primary sulfate minerals were found in this study.  Based on the very low 
oxidation state of the slag (e.g., fayalite- and wüstite-stable), it is likely that any primary sulfate 
minerals in the ore concentrates would have been reduced to sulfide in the smelter.  It makes 
more sense that most of the sulfate in the slag samples is present as secondary sulfate minerals 
formed by weathering of the primary sulfides.   Many prills were found that were partly or 
completely weathered to a mix of secondary minerals, mostly Fe-oxide/hydroxide phases, and 
several occurrences of metal-sulfate minerals (e.g., containing Cu, Zn and Fe) were found along 
cracks or in weathered-out prill holes.   
Figure 16 shows some examples of weathered prills. In the top pair of photos, you can 
see a set of radial cracks projecting outward from the prills into the surrounding slag.  These 
cracks were very common feature of the slag samples, and probably formed during 
crystallization and cooling of the slag when it was originally disposed of. Cracks serve as 
channels for pore waters to enter into and weather out the sulfide prills. The middle and lower 
rows of photos show partially weathered prills. Some of the elements probably accumulate in the 
slag in phases with low solubility (e.g., Fe-oxide/hydroxide, Pb-sulfate), whereas others (e.g., 
Cu, Zn) are likely flushed out with the next heavy rain.   
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Figure 16. Weathering features displayed in SEM-BSE photos.  A and B) Microfractures radiating out of 
sulfide droplets. C and D) Secondary filling of cracks within the prill with goethite and amorphous Fe-oxides. 
E) Sulfide droplet squished before cooling but after primary formation. F) Heavily weathered prill. 
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4.3. Weathering features: potential environmental impacts 
The following sections summarize the geochemical behavior of different metals of 
interest, based on the results of this study. A series of histograms are shown that summarize the 
results of the bulk-digest concentrations, the TCLP leach tests, and the SPLP leach tests.  The 
bulk digest data are separated based on whether the “hot acid digest” or “HF-digest” method was 
used.  Because the HF-digest method breaks down the silicate minerals more completely, it is a 
better measure of how much metal might be present in phases such as olivine, pyroxene, and 
glass.  Additional information contained on the charts that follow include the element-specific 
EPA standards for residential and industrial soils, the element-specific TCLP standards that are 
used to classify a material as “toxic waste”, and the element-specific aquatic life standards for 
chronic exposure to trace metals.  The aquatic life standards are compared to the results of the 
SPLP and Silver Bow Creek (SBC) leach tests.  All of the SPLP leach solutions had very low Ca 
and Mg concentrations, so a hardness of 25 mg/L was used to compute the regulatory standard 
(DEQ 2014).  It is realized that any leachate emanating from the LAO slagwalls will quickly be 
diluted upon entering a surface water body such as Silver Bow Creek.  Nonetheless, the aquatic 
standards provide a useful framework for the following discussion.   
4.3.1. Copper 
 Based on an extensive literature review, Piatak et al. (2015) reported a range in copper 
concentration in historic copper slags of 0.14 to 35.3% Cu.  In an earlier review, Parsons et al. 
(2001) reported a Cu range of 0.02 to 11 wt.%. Based off of bulk digestion data, LAO slags were 
found to average 0.34 wt.% Cu (3400 mg/kg).  Thus, the copper content of LAO slag is not high 
compared to other historic Cu slags.   
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 The majority of copper present in the slag wall is contained within the spherical sulfide 
droplets or “prills”.  Major copper sulfide minerals are bornite ሺCuହFeSସ) and chalcocite (CuଶSሻ. 
Other copper sulfides present in lesser quantities are chalcopyrite (CuFeSଶሻ, tennantite 
(Cu଺AsସSଵଷሻ, cubanite (CuFeଶSଷ), and covellite (CuS). Also, some elemental Cu was found. 
Copper was also detected in trace amounts within sphalerite, galena, and pyrrhotite, and as tiny 
grains with other metals, including Bi, Ni, Pb, Sb and Ag.  Some of these phases may be sulfide 
minerals, and some may be alloys.  They were too small to get accurate chemistry by SEM or 
EPMA.  Copper was found in silicate minerals as well, including hedenbergite (average of 
0.33% Cu), CaଷFeSiସOଵଶ (0.1%), and fayalite (0.05%). Chemical weathering caused secondary 
copper sulfate to locally form.  
 As shown in Figure 17, the concentrations of copper in the LAO slag based on bulk 
digestion results were well below industrial soil screening standards but close to the limit for 
residential soils. Copper concentrations from SPLP tests were 7.6 ppb and 9.1 ppb, with one 
sample below detection (< 1 ppb). The samples with detectable Cu exceeded the Montana DEQ’s 
standard for aquatic life (chronic exposure), which is 2.85 ppb (based on a hardness of 25 mg/L). 
SPLP tests simulate a realistic leaching scenario, and therefore it makes sense that some Cu 
could be leached from the slag into Silver Bow Creek during rain or snowmelt events.  
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Figure 17. Summary of data for copper. Abbreviations: IS = industrial soils MCL; RS = residential soils 
MCL; TCLP = TCLP MCL; AQL = aquatic life chronic MCL, SW = hot acid digest, HF = hydrofluoric acid 
digest.  
 
The experiments (Section 3.3.4) that interacted Silver Bow Creek water with slag had 
mixed results with respect to copper.  The sample reacted with the BRW-1 slag showed a 
significant increase in dissolved Cu, from 14.7 g/L to 37.7 g/L, whereas the other two slag 
samples showed a slight decrease in Cu concentration, to 9.8 to 10.9 g/L.  Referring to the MT 
DEQ regulatory standards for aquatic life, the unreacted Silver Bow Creek water sample with 
14.7 g/L Cu exceeded both the chronic (8.3g/L) and acute (12.3g/L) Cu standards, based on 
the measured hardness of 87.3 mg/L.   On the day the creek was sampled (May 10, 2016) it was 
raining and the streamflow at USGS gaging station 12323240 (Blacktail Creek) increased from 
21 to 31 cfs.  Blacktail Creek and Silver Bow Creek are known to commonly exceed aquatic 
standards for Cu during rain events, so the results of this study are not surprising.  It is important 
to note that the dissolved Cu concentration more than doubled after interaction with BRW-1 slag.  
The BRW-1 slag is the same slag that forms the walls to Silver Bow Creek downstream of 
Montana Street.     
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The results of the acid leach experiments were also mixed.  The experiment where pH 2 
solution reacted with BRW-1 slag gave a final Cu concentration of 5840 g/L, whereas the other 
slag samples gave final Cu concentrations of < 2.5 to 4.4g/L.   The differences are probably 
mostly due to pH, as the BRW-1 slag consistently gave lower final pH values than the BRW-2 
slag. The implication of these results is that any slag that comes into contact with strongly acidic 
surface water or groundwater has the potential to release Cu into the water.   
4.3.2. Lead 
 Based off of bulk digestion data, LAO slag contains an average of 0.035 wt% Pb (350 
mg/kg Pb).  The Pb content of historic copper slags varies tremendously from site to site, and 
such slags may have as little as 6.2 mg/kg of Pb or as much as > 10 wt % (Piatak et al., 2015).  In 
this study, lead is mainly present as galena (PbS) but is also found in elevated concentrations in 
glass (up to 0.14%). The high Pb content in glass might explain why there was more Pb in the 
HF total digest compared to the “hot acid” digest. Traces of lead were also found as tiny grains 
containing other metals (e.g., Ag, Ni, Sb) although these phases were too small to identify with 
SEM or EPMA.       
 Concentrations of lead in the LAO slag samples did not exceed industrial screening 
levels, although the BRW-1 slag sample did exceed limits for residential soil. The TCLP leach 
from Slag 1A gave a Pb concentration of 6.4 ppm, which surpasses the TCLP standard of 5 ppm 
of Pb. Duplicate Slag 1A sample also had elevated Pb, but was below the TCLP standard. The 
other slag samples (BRW-2, BRW-3) had Pb concentrations that were much lower. The lead 
concentration in the SPLP leach from Slag 1 reached 1.6 ppb, whereas the other two samples 
were below detection. Slag 1 SPLP value of 1.6 ppb exceeds the DEQ standard for chronic 
aquatic life (0.55 ppb, based on 25 mg/L hardness).  
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Figure 18. Summary of data for lead. Abbreviations: IS = industrial soils MCL; RS = residential soils MCL; 
TCLP = TCLP MCL; AQL = aquatic life chronic MCL, SW = hot acid digest, HF = hydrofluoric acid digest.  
 
 Unlike Cu, the experiments where Silver Bow Creek water was interacted with slag did 
not leach any Pb out of any of the slag samples.  Some Pb (92 mg/L) was leached in the 
experiment where BRW-1 slag was interacted with diluted sulfuric acid with pH 2.   
  
4.3.3. Zinc 
Based on the bulk digestion data, LAO slag contains an average of 1.66 wt.% Zn.  Piatak 
et al. (2015) report an average value of 3.63% Zn in other copper slags.  Zinc was found in all of 
the common solid phases within the LAO slag. The average Zn contents of fayalite and 
magnetite based on EPMA analyses were 4.5 wt % and 2.1 wt % respectively. Pyroxenes were 
also enriched in zinc, such as petedunnite (Ca(Zn,Mn,Fe,Mg)SiଶO଺). The glass matrix contained 
roughly 1% Zn. Zinc took on many forms within the spherical sulfide droplets or “prills”, 
including sphalerite, Zn-rich cubanite, and Zn-rich tennantite. Of these, sphalerite was by far the 
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most common.  SEM analysis showed the presence of mixed Cu-Zn sulfates in the vicinity of 
one weathered prill.  
As seen in Figure 19, Zn concentrations in slag are well below industrial soil screening 
levels, although sample BRW-1 is close to the residential soil standard.  In this sample, the 
concentration obtained by HF digestion was higher than the concentration from the standard hot 
acid digestion.  This is explained by the presence of high Zn in the silicate minerals (olivine, 
pyroxene, glass) which require HF to completely break down.  Because Zn is not a TCLP metal, 
there is no regulatory guideline to compare to the results of the TCLP tests.  However, it is 
noteworthy that the concentrations of Zn in the TCLP leachates were high (> 1 mg/L in all 
cases). Despite the high concentrations of Zn in the slag, the SPLP leachates gave very low Zn 
concentrations, which were below the DEQ standard for aquatic life. One reason for the low Zn 
concentration in the SPLP leachates is the high pH of the final solutions. Although it is unlikely 
that an insoluble Zn-mineral could have formed during the SPLP leach, it is possible that any 
dissolved Zn2+ leached out of the silicate minerals or weathered prills would have adsorbed onto 
secondary Fe-oxides on weathered surfaces of the slag.   
In the Silver Bow Creek leach experiments, concentrations of dissolved Zn decreased in 
all of the samples reacted with BRW slags 1, 2, and 3.  In the acid leach experiments with initial 
pH of 2, large amounts of Zn were leached (36 to 41 mg/L), whereas for the experiments with 
initial pH of 3 the Zn leachability was much lower (5 to 75 g/L).   These results, combined with 
the data from the SPLP tests, show that Zn is difficult to leach from the slag as long as pH 
remains above 7.   
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Figure 19. Summary of data for zinc. Abbreviations: IS = industrial soils MCL; RS = residential soils MCL; 
TCLP = TCLP MCL; AQL = aquatic life chronic MCL, SW = hot acid digest, HF = hydrofluoric acid digest. 
 
4.3.4. Arsenic 
 The city of Butte was well known for its As-rich smoke emanating from the numerous 
smelter stacks in the late 1800’s and early 1900’s.  Thus, it is probable that most of the As in the 
ore, which was rich in As-Cu minerals such as enargite, was volatilized in the BRW smelter.  
Nonetheless, LAO slag contains an average of 0.037 wt.% arsenic (370 mg/kg) based off of bulk 
digestion data.  Although elevated, this amount of arsenic is again well below the average As 
level of other copper slags (0.33%, Piatak et al., 2015).  Discrete As-rich minerals are rare in the 
LAO slag, although a few grains were found with a composition similar to tennantite 
(Cu଺AsସSଵଷ). Another source of arsenic throughout the slag was within the glassy matrix itself.  
Although usually below detection, arsenic concentrations in glass were locally quite high, 
ranging up to 1.5-12.3%.   
 Arsenic content of LAO slag exceeds preliminary screening levels for industrial and 
residential soil (Figure 20). However, arsenic did pass TCLP standards. Arsenic concentrations 
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from SPLP tests ranged from 9.5-22.0 ppb, which straddle the human health standard of 10 ppb.  
The somewhat high As concentrations in the SPLP leachates are partly explained by the high pH 
of the solutions after the test (8.05 to 9.40).  Unlike cationic metals, the mobility of arsenic in 
mine waste environments tends to increase with increase in pH (Langmuir, 1997).   
 
Figure 20. Summary of data for arsenic. Abbreviations: IS = industrial soils MCL; RS = residential soils 
MCL; TCLP = TCLP MCL; HH = human health MCL, SW = hot acid digest, HF = hydrofluoric acid digest.   
 
 In the experiments where Silver Bow Creek water was reacted with slag, the 
concentrations of dissolved As increased.  Silver Bow Creek had 2.9 g/L As, which is below 
the human health standard of 10 g/L, whereas the reacted waters had 6.7 to 23.9 g/L As.  Once 
again the solution reacted with BRW-1 slag had the highest metal concentration of the various 
slags.  The acid leach experiments showed a moderate potential to leach As from the slag, with 
final values in the range of 11.6 to 80.9 g/L As.   
4.4. Summary of environmental considerations 
LAO slag walls sit on the banks of Silver Bow Creek (Figure 21A), are completely 
unsheltered from the weather, and are partly inundated during brief periods of high flow in the 
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creek. There is visible weathering and accumulation of secondary minerals on the surface of 
these slag canyons, as seen in Figure 21B. Most of the weathering occurs along macro-fractures 
that are defined by vertical joints and bedding surfaces when the slag was poured. Brick-sized 
pieces of slag occasionally break off the walls from these cracks and fall into Silver Bow Creek. 
As seen in SEM and EPMA images, there are noticeable micro-fractures throughout the slag 
samples, and many of these radiate outward from the sulfide prills, in a way that will make it 
easier for water and O2 to chemically weather the sulfide minerals in the slag.   
  
Figure 21. (Left) Silver Bow Creek running through the middle of LAO slag canyon (Right) Visible 
weathering of brick-sized pieces of slag. 
 
 As mentioned in the Introduction to this thesis, the BRW slag walls were built to 
impound fine-grained mill tailings and prevent them from washing into the creek.  Now that the 
majority of the tailings have been removed, the slag walls no longer serve that purpose and are 
vA vB 
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themselves a possible source of metal contamination to the creek.  This thesis has shown that 
concentrations of metals that leach out of the slag from TCLP and SPLP tests are low, especially 
relative to fine-grained mill tailings from Butte, but are still high enough to potentially be a 
concern to the environment.   
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5. Conclusions  
The following is a summary of some of the more important findings of this thesis: 
 LAO slag is composed primarily of Fe-Si-Ca-O, with a bulk composition that is typical of 
non-ferrous slags.  The dominant solid phases in the slag include olivine (fayalite, 
kirschsteinite), pyroxene (hedenbergite, Fe-rich wollastonite, petedunnite), magnetite, and 
glass.  The olivine commonly occurs as slender, elongated crystals (spinifex). 
 The slag contains high concentrations of metals, including Zn (1.66 wt.%), Cu (0.34 wt.%), 
Pb (0.035 wt%) and As (0.037 wt.%). Some of these metals (especially Zn) occur as 
impurities in olivine, pyroxene, magnetite and glass, whereas others exist as discrete 
minerals in the slag.   
 Most of the copper in the slag exists as small spherical droplets, or “prills”, which represent 
tiny specimens of the molten, Cu-rich matte that never separated from the slag in the 
smelter.  The prills are less than 0.01 mm to 0.2 mm in diameter and the main minerals in 
the prills are chalcocite, bornite, and chalcopyrite.  Other minerals include sphalerite, 
pyrrhotite, galena, cubanite, tennantite, and elemental copper.      
 Based on bulk digestion and ICP-MS analysis, the LAO slag exceeds US-EPA preliminary 
screening criteria for industrial soils for arsenic, and is close to the relevant screening 
criteria for residential soils for Cu, Pb and Zn.     
 Acid-base accounting (ABA) tests show that the potential for LAO slag to produce acidic 
leachate is low.  The slag has a moderately high acid-neutralizing potential due to the 
abundance of Ca-Fe-silicate minerals, such as hedenbergite and kirschsteinite, that consume 
acid during chemical weathering.  Also, most of the sulfides in the slag (chalcocite, bornite) 
do not generate acid during weathering, although they could be a source of dissolved Cu and 
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other metals. ABA tests show that about half of the S in the slag is present as sulfate-S.  
This sulfate is probably present as secondary metal-sulfate minerals formed over a century 
of weathering.   
 TCLP tests of three different composite slag samples gave results that passed TCLP 
standards for Ag, As, Ba, Cd, Cr and Se. One sample produced a leachate with 6.35 mg/L 
Pb, which exceeds the TCLP standard of 5.0 mg/L Pb.  The other slag samples gave Pb 
concentrations that were well below 5.0 mg/L.  Although Cu and Zn are not TCLP-regulated 
metals, their concentrations in the leachates were fairly high (consistently > 1 mg/L). 
 SPLP tests were used to simulate the effect of leachability of metals in the slag by rain 
containing background levels of acidity from a mix of dilute HNO3 and H2SO4 acids. 
Overall, the metal concentrations from the SPLP test were much lower than for the TCLP 
tests. Exceptions to this rule include W and As. Tungsten was higher in the SPLP compared 
to the TCLP leachates. Arsenic had a similarly high concentration in both the TCLP and 
SPLP tests. The pH of the SPLP solutions rose during the experiment, from initial values 
close to 5.0, to final values in the range of 8.0 to 9.4.  The increase in pH in the SPLP tests 
is consistent with the idea that the slag is non-acid generating. 
 Tests in which Silver Bow Creek water was reacted with slag gave mixed results.  Some 
contaminants of concern (e.g., Fe, Zn, and Pb) either showed no change in concentration or 
decreased during the experiment.  In contrast, all of the SBC samples reacted with slag 
showed an increase in As and W concentrations, and the SBC sample reacted with BRW-1 
slag showed an increase in Cu and Mn concentration.  The concentration of Cu from the 
BRW-1 experiment (37.7 g/L) is of concern because it is well above the hardness-adjusted 
aquatic standards for chronic and acute exposure to Cu in Silver Bow Creek, based on the 
62 
 
measured hardness of 88 mg/L.  Because of the proximity of the BRW-1 slag wall to Silver 
Bow Creek, there is a high likelihood that any copper and other metals leached out of the 
slag will enter the stream.    
 Tests in which slag was interacted with dilute sulfuric acid (pH 2 and pH 3) also gave mixed 
results.  In all cases, the slag raised the pH of the initial solutions.  Compared to the BRW-2 
slag, The BRW-1 slag sample tended to give lower final pH values, and consequently higher 
concentrations of dissolved metals after the reaction period.   
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6. Recommendations 
As a result of this study, the author recommends that more work be done in the following 
areas to improve the understanding of the environmental stability of LAO slag walls: 
 Further SEM/EDX characterization of secondary minerals produced by weathering to add 
understanding to what minerals inside the slag are possibly controlling the concentrations 
of metals in the leachates  
 Compare results of slag composition and leachate chemistry from samples collected from 
the interior of the LAO slag walls as opposed to the outside of the walls.    
 Investigate the effect of particle size on the leachability of trace elements from the slag.    
 LAO slag averages 0.34% copper and 1% zinc. These are high enough grades to warrant 
investigation for potential metal recovery.  
 
 As a final recommendation, the author believes that the State should give serious 
consideration to remedial actions that would minimize contact between Silver Bow Creek and 
the LAO slag walls. This could be done by moving the slag to a suitable mine waste repository, 
or by reconstructing the Silver Bow Creek channel in such a way that the stream completely 
bypasses the slag.  
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APPENDIX A:  ICP-MS and ICP-AES DATA 
 
Table A1: ICP-MS data for TCLP leachate tests 
 7Li 11B 27Al 31P 39K 43Ca 49Ti 51V 52Cr 55Mn 56Fe 59Co 60Ni 63Cu 66Zn 71Ga 
 μg/L μg/L μg/L μg/L μg/L μg/L μg/L μg/L μg/L μg/L μg/L μg/L μg/L μg/L μg/L μg/L 
IDL 0.5 0.2 0.5 5 5 5 0.5 0.5 0.2 2 5 0.5 0.5 1 1 0.5 
BRW-1 A 32.2 12.7 462 5.7 258 7350 12.8 1.6 7.4 686 15400 5.6 16.3 3170 4420 16.0 
BRW-1 B 9.8 8.2 524 7.8 277 7130 13.0 2.1 8.8 708 16200 4.7 9.5 3800 4200 15.0 
BRW-2 A < 2.5 12.5 1810 < 25 286 48000 63.5 < 2.5 4.06 446 59000 9.47 4.24 356 9810 13.7 
BRW-2 B < 2.5 15.6 1920 < 25 303 50700 68.8 4.15 6.55 461 60600 9.85 4.99 369 9940 14.4 
BRW-3 A < 2.5 11.6 521 < 25 171 12700 6.61 < 2.5 4.94 170 35500 5.09 5.42 1463 2730 7.83 
BRW-3 B < 2.5 13.8 586 < 25 189 13900 7.67 < 2.5 5.47 182 38900 5.42 5.96 1557 2870 7.99 
TCLPBlank < 0.5 8.5 < 0.5 < 5 119 < 5 < 0.5 2.5 9.5 < 2 < 5 < 0.5 < 0.5 1.2 3.1 < 0.5 
 
 75As 82Se 85Rb 88Sr 107Ag 111Cd 118Sn 121Sb 137Ba 182W 206Pb 238U  
 μg/L μg/L μg/L μg/L μg/L μg/L μg/L μg/L μg/L μg/L μg/L μg/L  
IDL 0.2 0.2 0.5 1 0.2 0.2 0.5 0.2 1 0.2 0.2 0.2  
BRW-1 A 29.9 < 0.2 7.3 50.1 < 0.2 1.4 1.0 169 381 1.2 6350 6.4  
BRW-1 B 42.3 < 0.2 6.6 48.9 < 0.2 1.2 0.7 88.7 337 3.5 2300 6.1  
BRW-2 A 106 < 1 10.1 84.6 < 1 1.51 < 2.5 56.6 342 18.4 95.9 6.6  
BRW-2 B 108 2.56 10.2 85.9 1.27 1.86 < 2.5 62.9 371 19.3 104 7.4  
BRW-3 A 32.3 < 1 6.76 32.2 < 1 1.06 < 2.5 37.9 199 4.71 64.9 9.3  
BRW-3 B 33.1 < 1 7.06 33.7 < 1 1.14 < 2.5 41.5 216 5.00 69.1 10.0  
TCLP Blank < 0.2 < 0.2 < 0.5 4.3 < 0.2 < 0.2 < 0.5 < 0.2 < 1 < 0.2 0.8 < 0.2  
IDL = instrument detection limit 
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Table A2: ICP-MS data for SPLP leachate tests 
 7Li 11B 27Al 31P 39K 43Ca 49Ti 51V 52Cr 55Mn 56Fe 59Co 60Ni 63Cu 66Zn 71Ga 
 μg/L μg/L μg/L μg/L μg/L μg/L μg/L μg/L μg/L μg/L μg/L μg/L μg/L μg/L μg/L μg/L 
IDL 0.5 0.2 0.5 5 5 5 0.5 0.5 0.2 2 5 0.5 0.5 1 1 0.5 
BRW-1 A < 2.5 7.3 52.8 < 25 96.6 2040 3.33 < 2.5 < 1 21.6 < 25 < 2.5 < 2.5 9.75 17.6 < 2.5 
BRW-1 B < 2.5 7.7 54.9 < 25 104 2140 2.71 < 2.5 < 1 22.7 48.3 < 2.5 < 2.5 8.47 15.6 < 2.5 
BRW-2 A < 2.5 7.5 113 < 25 102 3680 3.29 < 2.5 < 1 < 10 42.3 < 2.5 < 2.5 < 5 8.58 < 2.5 
BRW-2 B < 2.5 7.1 105 < 25 98.8 3520 3.08 < 2.5 < 1 < 10 60.4 < 2.5 < 2.5 < 5 8.25 < 2.5 
BRW-3 A < 2.5 7.8 211 25.4 85.5 3210 2.96 < 2.5 < 1 < 10 84.2 < 2.5 < 2.5 8.77 10.8 < 2.5 
BRW-3 B < 2.5 5.9 167 < 25 68.4 2510 2.39 < 2.5 < 1 < 10 < 25 < 2.5 < 2.5 6.46 8.27 < 2.5 
SPLPBlank < 2.5 3.8 < 2.5 < 25 < 25 < 25 < 2.5 < 2.5 < 1 < 10 < 25 < 2.5 < 2.5 < 5 < 5 < 2.5 
 
 75As 82Se 85Rb 88Sr 107Ag 111Cd 118Sn 121Sb 137Ba 182W 206Pb 238U  
 μg/L μg/L μg/L μg/L μg/L μg/L μg/L μg/L μg/L μg/L μg/L μg/L  
IDL 0.2 0.2 0.5 1 0.2 0.2 0.5 0.2 1 0.2 0.2 0.2  
BRW-1 A 11.0 < 1 < 2.5 12.0 < 1 < 1 < 2.5 23.2 40.2 49.3 1.7 < 1  
BRW-1 B 10.7 < 1 < 2.5 12.0 < 1 < 1 < 2.5 24.3 41.6 50.7 1.5 < 1  
BRW-2 A 22.8 < 1 2.64 15.1 < 1 < 1 < 2.5 32.1 27.9 53.0 < 1 < 1  
BRW-2 B 21.3 < 1 2.50 14.1 < 1 < 1 < 2.5 31.1 27.3 50.4 < 1 < 1  
BRW-3 A 10.6 < 1 < 2.5 13.7 < 1 < 1 < 2.5 24.8 16.2 68.3 < 1 < 1  
BRW-3 B 8.32 < 1 < 2.5 10.3 < 1 < 1 < 2.5 19.9 12.9 55.0 < 1 < 1  
SPLP Blank < 1 < 1 < 2.5 < 5 < 1 < 1 < 2.5 < 1 < 5 1.57 < 1 < 1  
   IDL = instrument detection limit 
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Table A3:  ICP‐MS data for Silver Bow Creek leachate tests and low pH leachate tests (continued on next page) 
 7Li 11B 27Al 31P 49Ti 51V 52Cr 55Mn 56Fe 59Co 60Ni 63Cu 66Zn 71Ga 75As 
 μg/L μg/L μg/L µg/L μg/L μg/L μg/L μg/L μg/L μg/L μg/L μg/L μg/L μg/L μg/L 
Instrum. Detection Limit 0.5 0.2 0.5 5 0.5 0.5 0.2 2 5 0.5 0.5 1 1 0.5 0.2 
BRW-1-SPLP (rinsed) 12.1 7.9 83 7 0.6 < 0.5 < 0.2 13 84 < 0.5 < 0.5 56.2 115 1.8 11.4 
BRW-1-SBC 10.9 15.6 9 13 15.5 < 0.5 < 0.2 52 17 < 0.5 < 0.5 37.7 20.8 3.3 23.9 
BRW-2-SBC-A 10.0 17.4 7 21 16.1 0.7 < 0.2 17 24 < 0.5 < 0.5 9.8 10.6 2.5 15.7 
BRW-2-SBC (dup) 10.4 18.3 9 22 15.8 0.7 < 0.2 18 66 < 0.5 < 0.5 11.1 13.6 2.6 16.0 
BRW-3-SBC 8.83 14.8 8 22 13.1 0.7 < 0.2 9 39 < 0.5 < 0.5 10.9 6.1 1.7 6.7 
SBC-ONLY 9.46 15.4 3 51 13.5 1.1 0.2 27 70 < 0.5 < 0.5 14.2 23.9 1.7 2.9 
SBC (No agitation) 9.37 15.9 26 58 14.2 1.2 0.3 23 124 < 0.5 < 0.5 14.7 24.2 1.8 2.9 
FA Blank < 0.5 2.9 < 0.5 < 5 < 0.5 < 0.5 < 0.2 < 2 < 5 < 0.5 < 0.5 < 1 < 1 < 0.5 < 0.2 
BRW-1 pH2 24.8 17.8 3320 < 12.5 168 < 1.25 < 0.5 5890 289000 36.2 14.5 5840 41400 1.8 80.9 
BRW-2 pH2 12.2 20.4 558 < 12.5 273 < 1.25 < 0.5 2570 184000 34.8 2.6 < 10 36100 3.0 42.3 
BRW-1 pH3 5.78 7.4 12 < 5 14.9 < 0.5 < 0.2 251 36 1.2 1.0 4.4 74.5 3.8 11.6 
BRW-2 pH3 2.69 11.1 38 < 5 22.9 < 0.5 < 0.2 3 38 < 0.5 < 0.5 1.6 4.6 2.6 38.6 
All samples for the following elements were below detection:  Be, Se, Zr, Nb, Pd, Ag, Tl, Th 
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Table A3:  ICP‐MS data for Silver Bow Creek leachate tests and low pH leachate tests (continued from previous page) 
 85Rb 88Sr 98Mo 111Cd 121Sb 133Cs 137Ba 139La 140Ce 141Pr 146Nd 182W 206Pb 238U 
 μg/L μg/L μg/L μg/L μg/L μg/L μg/L μg/L μg/L μg/L μg/L μg/L μg/L μg/L 
Instrum. Detection Limit  0.5 1 0.5 0.2 0.2 0.5 1 0.2 0.2 0.2 0.2 0.2 0.2 0.2 
BRW-1-SPLP (rinsed) 2.0 11.9 1.2 < 0.2 52.1 < 0.5 37.3 < 0.2 < 0.2 < 0.2 < 0.2 47.8 65.0 < 0.2 
BRW-1-SBC 3.1 111 4.6 < 0.2 27.3 < 0.5 75.4 < 0.2 < 0.2 < 0.2 < 0.2 43.6 1.2 2.8 
BRW-2-SBC-A 2.5 117 4.4 < 0.2 14.0 < 0.5 63.3 < 0.2 < 0.2 < 0.2 < 0.2 23.4 0.3 2.5 
BRW-2-SBC (dup) 2.5 119 4.6 < 0.2 14.6 < 0.5 68.6 < 0.2 < 0.2 < 0.2 < 0.2 24.4 0.6 2.6 
BRW-3-SBC 1.8 98.9 3.4 < 0.2 7.0 < 0.5 41.4 < 0.2 < 0.2 < 0.2 < 0.2 16.1 0.4 2.3 
SBC-ONLY 0.7 113 3.4 0.2 0.3 < 0.5 45.0 < 0.2 < 0.2 < 0.2 < 0.2 0.5 0.8 1.9 
SBC (No agitation) 0.7 110 3.4 < 0.2 0.3 < 0.5 47.6 < 0.2 < 0.2 < 0.2 < 0.2 0.4 1.2 1.9 
FA Blank < 0.5 < 1 < 0.5 < 0.2 < 0.2 < 0.5 < 1 < 0.2 < 0.2 < 0.2 < 0.2 0.0 < 0.2 < 0.2 
BRW-1 pH2 66.8 229 < 1.2 5.2 5.4 2.1 54.9 21.0 40.8 4.6 17.3 < 0.5 92.6 52.7 
BRW-2 pH2 45.4 246 3.8 1.1 22.0 1.6 93.7 5.9 6.3 0.6 1.9 6.1 4.5 1.3 
BRW-1 pH3 8.4 44.8 0.9 < 0.2 40.4 < 0.5 95.6 < 0.2 < 0.2 0.0 < 0.2 77.0 0.6 < 0.2 
BRW-2 pH3 9.0 43.0 4.6 < 0.2 69.6 < 0.5 51.1 < 0.2 < 0.2 0.0 < 0.2 138 < 0.2 < 0.2 
All samples for the following elements were below detection:  Be, Se, Zr, Nb, Pd, Ag, Sn, Tl, Th. 
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Table A4  ICP‐OES data for Silver Bow Creek leachate tests and low pH leachate tests   
 Ca Cu Fe K Mg  Mn Na P Si 
 mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L 
BRW-1-SPLP (rinsed) 4.3 0.074 0.12 1.0 0.1 0.02 2.0 0.02 1.8 
BRW-1-SBC 27.7 0.051 0.04 3.3 6.9 0.08 8.7 0.03 9.1 
BRW-2-SBC-A 27.6 0.012 0.05 3.0 6.9 0.02 8.7 0.04 9.5 
BRW-2-SBC (dup) 27.3 0.016 0.10 3.0 6.8 0.02 8.4 0.04 9.5 
BRW-3-SBC 26.0 0.018 0.09 2.8 6.8 0.01 8.5 0.06 9.5 
SBC-ONLY 23.9 0.020 0.11 2.5 6.9 0.04 8.5 0.08 9.0 
SBC (No agitation) 23.7 0.020 0.18 2.5 6.8 0.03 8.4 0.09 9.1 
FA Blank <0.1 <.005 <.01 <0.1 <0.1 < .01 0.1 < 0.01 0.2 
BRW-1 pH2 231 8.400 387 23.0 8.5 8.59 3.0 < 0.01 156 
BRW-2 pH2 379 0.072 231 18.5 16.6 3.49 2.0 < 0.01 154 
BRW-1 pH3 24.8 0.007 0.10 4.5 0.7 0.33 0.5 < 0.01 7.7 
BRW-2 pH3 32.8 <.005 0.09 5.0 1.1 <.01 0.6 < 0.01 8.4 
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APPENDIX B:  X-Ray diffraction data 
 
 
Sample: BRW1-1 
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Phase name Content(%) 
Aegirine, calcian, syn 13(2) 
Kirschsteinite 18.9(12) 
Petedunnite, syn 5.5(5) 
Hedenbergite, sodian, syn 39(2) 
Diopside 17(2) 
quartz low HP, syn 1.6(18) 
magnetite high 0.3(11) 
Wulfenite 1.1(3) 
Fluckite 3.2(12) 
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APPENDIX C: pXRF data 
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Appendix D: Bulk digestion-ICPMS data 
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Appendix E: Acid Base Accounting  
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APPENDIX F: Scanning Electron Microscopy  
 
Sample: BRW1-2A 
 
 
 
 
 
 
 
Mineralogy: Chalcocite 
 
Sample: BRW1-2A 
 
 
 
 
 
 
 
 
Mineralogy: Unknown Cu-Bi phase 
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Sample: BRW1-2A 
 
 
 
 
 
 
 
Mineralogy: Galena 
Sample: BRW1-2A 
 
 
 
 
 
 
 
 
Mineralogy: Unknown Ag-Pb phase 
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Sample: BRW1-2A 
 
 
 
 
 
 
 
Mineralogy: Galena 
Sample: BRW1-2B 
 
 
 
 
 
 
 
 
Mineralogy: Al-rich hedenbergite  
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Sample: BRW1-2B 
 
 
 
 
 
 
 
Mineralogy: Al-rich hedenbergite 
Sample: BRW1-2B 
 
 
 
 
 
 
 
 
Mineralogy: Glass 
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Sample: BRW1-2B 
 
 
 
 
 
 
 
Mineralogy: Glass 
Sample: BRW1-2C 
 
 
 
 
 
 
 
 
Mineralogy: Glass 
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Sample: BRW1-2D 
 
 
 
 
 
 
 
Mineralogy: Cu-Fe sulfide 
Sample: BRW1-2D 
 
 
 
 
 
 
 
 
Mineralogy: Galena 
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Sample: BRW1-2D 
 
 
 
 
 
 
 
Mineralogy: Cu-(Zn) sulfate   
Sample: BRW1-2D 
 
 
 
 
 
 
 
 
Mineralogy: Cuprite (Cu2O) and unknown silicate phases 
 
 
 
 
90 
 
Sample: BRW1-2D 
 
 
 
 
 
 
 
Mineralogy: Ca and Fe-rich pyroxene 
Sample: BRW1-2D 
 
 
 
 
 
 
 
 
Mineralogy: Ca and Fe-rich pyroxene 
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Sample: BRW1-2D 
 
 
 
 
 
 
 
Mineralogy: Glass 
Sample: BRW1-2D 
 
 
 
 
 
 
 
 
Mineralogy: Glass 
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Sample: BRW1-2D 
 
 
 
 
 
 
 
Mineralogy: Magnetite 
Sample: BRW1-2D 
 
 
 
 
 
 
 
 
Mineralogy: Fe, Ca, Al, and Zn-rich silicate 
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Sample: BRW1-2D 
 
 
 
 
 
 
 
Mineralogy: Unknown 
Sample: BRW1-2D 
 
 
 
 
 
 
 
 
Mineralogy: Magnetite 
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Sample: BRW1-2E 
 
 
 
 
 
 
 
Mineralogy: Cu-Fe-sulfide (~ bornite) 
Sample: BRW1-2E 
 
 
 
 
 
 
 
 
Mineralogy: Cu-Fe-sulfide (~ bornite) 
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Sample: BRW1-2E 
 
 
 
 
 
 
 
Mineralogy: Ca, Fe, Al-rich pyroxene  
Sample: BRW1-2E 
 
 
 
 
 
 
 
 
Mineralogy: Glass 
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Sample: BRW1-2E 
 
 
 
 
 
 
 
Mineralogy: Cu, As-rich sulfide (tennantite?) 
Sample: BRW1-2E 
 
 
 
 
 
 
 
 
Mineralogy: Tennantite (?) 
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Sample: BRW1-2E 
 
 
 
 
 
 
 
Mineralogy: Fe-oxide (wustite?) 
Sample: BRW4-2A 
 
 
 
 
 
 
 
 
Mineralogy: Galena 
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Sample: BRW4-2A 
 
 
 
 
 
 
 
Mineralogy: Bornite 
 
Sample: BRW4-2A 
 
 
 
 
 
 
 
 
Mineralogy: Chalcocite   
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Sample: BRW4-2A 
 
 
 
 
 
 
 
Mineralogy: Cu-Fe-sulfides (bornite + chalcopyrite) 
Sample: BRW4-2A 
 
 
 
 
 
 
 
 
Mineralogy: Chalcocite 
 
 
 
 
100 
 
Sample: BRW4-2A 
 
 
 
 
 
 
 
Mineralogy: Bornite 
 
Sample: BRW4-2A 
 
 
 
 
 
 
 
 
Mineralogy: Ca, Fe, and Al-rich pyroxene  
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Sample: BRW4-2A 
 
 
 
 
 
 
 
Mineralogy: Glass 
Sample: BRW 
 
 
 
 
 
 
 
 
Mineralogy: Fe, Cu, Zn-rich sulfide 
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Sample: BRW4-2A 
 
 
 
 
 
 
 
Mineralogy: Cu, Fe, Zn-rich sulfide 
Sample: BRW4-2A 
 
 
 
 
 
 
 
 
Mineralogy: Cu, Fe, and Zn-rich sulfide 
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Sample: BRW4-2B 
 
 
 
 
 
 
 
Mineralogy: Fe-Zn-(Cu)-sulfide 
Sample: BRW4-2B 
 
 
 
 
 
 
 
 
Mineralogy: Fe-Zn-(Cu)-sulfide 
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Sample: BRW4-2B 
 
 
 
 
 
 
 
Mineralogy: Unknown Pb-Ni rich phase 
Sample: BRW4-2B 
 
 
 
 
 
 
 
 
Mineralogy: Pyrrhotite 
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Sample: BRW4-2B 
 
 
 
 
 
 
 
Mineralogy: Pyrrhotite 
Sample: BRW4-2B 
 
 
 
 
 
 
 
 
Mineralogy: Bornite 
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Sample: BRW4-2B 
 
 
 
 
 
 
 
Mineralogy: Bornite 
Sample: BRW4-2B 
 
 
 
 
 
 
 
 
Mineralogy: Cu-Fe-sulfide 
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Sample: BRW4-2B 
 
 
 
 
 
 
 
Mineralogy: Cu,Zn-rich sulfide 
Sample: BRW4-2B 
 
 
 
 
 
 
 
 
Mineralogy: Cu- (Zn,Pb)- sulfide 
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Sample: BRW4-2B 
 
 
 
 
 
 
 
Mineralogy: Sphalerite 
Sample: BRW4-2D 
 
 
 
 
 
 
 
 
Mineralogy: Galena 
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Sample: BRW4-2D 
 
 
 
 
 
 
 
Mineralogy: Galena 
Sample: BRW4-2D 
 
 
 
 
 
 
 
 
Mineralogy: Pyrrhotite 
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Sample: BRW4-2D 
 
 
 
 
 
 
 
Mineralogy: Bornite 
Sample: BRW4-2D 
 
 
 
 
 
 
 
 
Mineralogy: Bornite-chalcocite 
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Sample: BRW4-2D 
 
 
 
 
 
 
 
Mineralogy: Cu and Fe-rich sulfate 
Sample: BRW4-2D 
 
 
 
 
 
 
 
 
Mineralogy: Cu-rich phase (elemental copper?) 
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Sample: BRW4-2D 
 
 
 
 
 
 
 
Mineralogy: Ca and Fe pyroxene 
Sample: BRW4-2D 
 
 
 
 
 
 
 
 
Mineralogy: Glass 
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Sample: BRW4-2D 
 
 
 
 
 
 
 
Mineralogy: Bornite 
Sample: BRW4-2D 
 
 
 
 
 
 
 
 
Mineralogy: Bornite 
 
 
 
 
114 
 
Sample: BRW4-2E 
 
 
 
 
 
 
 
Mineralogy: Galena 
Sample: BRW4-2E 
 
 
 
 
 
 
 
 
Mineralogy: Cu-Fe-sulfide (~ bornite) 
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Sample: BRW4-2E 
 
 
 
 
 
 
 
Mineralogy: Ca, Fe, and Al-rich pyroxene? 
Sample: BRW4-2E 
 
 
 
 
 
 
 
 
Mineralogy: Glass 
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Sample: BRW4-2F 
 
 
 
 
 
 
 
Mineralogy: Zn-Fe-sulfide 
Sample: BRW4-2F 
 
 
 
 
 
 
 
 
Mineralogy: Chalcocite 
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Sample: BRW4-2F 
 
 
 
 
 
 
 
Mineralogy: Cu-Fe sulfide 
Sample: BRW4-2F 
 
 
 
 
 
 
 
 
Mineralogy: Unknown Ni-Pb phase 
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Sample: BRW4-2F 
 
 
 
 
 
 
 
Mineralogy: Unknown Pb-Ni phase 
Sample: BRW4-2F 
 
 
 
 
 
 
 
 
Mineralogy: Unknown Pb-Zn-Cu-Ni-Sb-Ag phase 
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Sample: BRW4-2F 
 
 
 
 
 
 
 
Mineralogy: Cu-(Zn)-sulfate 
Sample: BRW4-2F 
 
 
 
 
 
 
 
 
Mineralogy: Pyrrhotite 
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Sample: BRW1-1A 
 
 
 
 
 
 
 
Mineralogy: Glass 
Sample: BRW1-1A 
 
 
 
 
 
 
 
 
Mineralogy: Glass 
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Sample: BRW1-1A 
 
 
 
 
 
 
 
Mineralogy: Fe and Ca-rich pyroxene  
Sample: BRW1-1A 
 
 
 
 
 
 
 
 
Mineralogy: Cu-Fe-sulfide (covellite?) 
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Sample: BRW1-1B 
 
 
 
 
 
 
 
Mineralogy: Cu and Fe-rich sulfate  
Sample: BRW1-1B 
 
 
 
 
 
 
 
 
Mineralogy: Cu and Fe-rich sulfate  
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Sample: BRW1-1B 
 
 
 
 
 
 
 
Mineralogy: Cu-Fe-sulfide (bornite-covellite) 
Sample: BRW1-1C 
 
 
 
 
 
 
 
 
Mineralogy: Bornite 
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Sample: BRW1-1C 
 
 
 
 
 
 
 
Mineralogy: Cu, Fe, and Zn-rich sulfate 
Sample: BRW1-1C 
 
 
 
 
 
 
 
 
Mineralogy: Cu, Zn, and Fe-rich sulfate 
 
 
 
 
125 
 
Sample: BRW1-1C 
 
 
 
 
 
 
 
Mineralogy: Fe-oxide (wustite?)  
Sample: BRW1-1C 
 
 
 
 
 
 
 
 
Mineralogy: Fe, Ca, Al, Zn, and K-rich silicate 
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Sample: BRW1-1C 
 
 
 
 
 
 
 
Mineralogy: Glass 
Sample: BRW1-1C 
 
 
 
 
 
 
 
 
Mineralogy: Ca and Fe-rich pyroxene  
 
 
 
 
127 
 
Sample: BRW1-1C 
 
 
 
 
 
 
 
Mineralogy: Glass 
Sample: BRW1-1C 
 
 
 
 
 
 
 
 
Mineralogy: Unknown 
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Sample: BRW1-1C 
 
 
 
 
 
 
 
Mineralogy: Glass 
Sample: BRW1-1D 
 
 
 
 
 
 
 
 
Mineralogy: Copper sulfate 
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Sample: BRW1-1D 
 
 
 
 
 
 
 
Mineralogy: Tiny galena speck 
Sample: BRW2-1A 
 
 
 
 
 
 
 
 
Mineralogy: Glass 
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Sample: BRW2-1A 
 
 
 
 
 
 
 
Mineralogy: Magnetite 
Sample: BRW2-1A 
 
 
 
 
 
 
 
 
Mineralogy: Zn-rich cubanite  
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Sample: BRW2-1A 
 
 
 
 
 
 
 
Mineralogy: Zn-rich fayalite 
Sample: BRW2-1A 
 
 
 
 
 
 
 
 
Mineralogy: Galena speck 
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Sample: BRW2-1A 
 
 
 
 
 
 
 
Mineralogy: Fe-Zn-sulfide 
Sample: BRW2-1A 
 
 
 
 
 
 
 
 
Mineralogy: Unknown phase with W, As, Ba 
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Sample: BRW2-1A 
 
 
 
 
 
 
 
Mineralogy: Fe-pyroxene 
Sample: BRW2-1A 
 
 
 
 
 
 
 
 
Mineralogy: Glass (high As) 
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Sample: BRW2-1A 
 
 
 
 
 
 
 
Mineralogy: Unknown Fe-silicate (pyroxene?)  
Sample: BRW2-1A 
 
 
 
 
 
 
 
 
Mineralogy: Zn-rich cubanite 
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Sample: BRW2-1A 
 
 
 
 
 
 
 
Mineralogy: Speck of tennantite? (Cu-As-Fe-Zn sulfide) 
Sample: BRW1-1E 
 
 
 
 
 
 
 
 
Mineralogy: Unknown  
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Sample: BRW1-1E 
 
 
 
 
 
 
 
Mineralogy: Al-rich hedenbergite  
Sample: BRW1-1E 
 
 
 
 
 
 
 
 
Mineralogy: Galena speck 
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Sample: BRW1-1F 
 
 
 
 
 
 
 
Mineralogy: Secondary Fe-oxide 
Sample: BRW1-1F 
 
 
 
 
 
 
 
 
Mineralogy: Ca-Fe-silicate (hedenbergite?) 
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Sample: BRW1-1F 
 
 
 
 
 
 
 
Mineralogy: Zn-rich fayalite 
Sample: BRW4-2G 
 
 
 
 
 
 
 
 
Mineralogy: Hedenbergite  
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Sample: BRW4-2G 
 
 
 
 
 
 
 
Mineralogy: Ca-Fe pyroxene 
Sample: BRW4-2G 
 
 
 
 
 
 
 
 
Mineralogy: Glass 
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Sample: BRW4-2H 
 
 
 
 
 
 
 
Mineralogy: Galena speck 
 

